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ABSTRACT 
High temperature steam deodorization of sunflower oil results in the formation of unwanted 
by-products such as trans isomers and polymers and partial destruction of vitamins. There is 
an urgent need to develop a process which replaces steam with some other inert gas such 
as nitrogen. The use of nitrogen bubble sparging at low temperatures has been a recently 
reported technique for stripping of volatiles from edible oils. In this study, a hypothesis was 
proposed that nitrogen bubbles sparged at temperatures in the range of 18 to 150°C are able 
to remove odoriferous, surface active or volatile contaminants from shallow bubbling pools of 
sunflower. 
A combination of photographic, mathematical and statistical analyses were used to study the 
dynamics of nitrogen bubbles and the characteristics of foams in shallow pools of semi-
processed sunflower oil at temperatures below 150°C. The studies were carried out at 
atmospheric pressure and sub-atmospheric pressures of 3 mbar in small height to diameter 
ratio contactors fitted with sintered disc or ring spargers. Analytical and organoleptic methods 
and statistical analyses were used to determine whether nitrogen bubbles could successfully 
remove impurities from the oil after sparging under vacuum at 3 mbar for times up to 4 hours 
and temperatures below 150°C. 
The size and shape of nitrogen bubbles in sunflower oil were examined at atmospheric 
pressure and at temperatures of 18-70oC in columns with sintered disc spargers of porosities 
in the range of 20-30 and 5-15 microns. Bubble size was measured as a Sauter mean 
diameter (S.M.D.). Nitrogen bubbles were mainly ellipsoidal in shape with S.M.D. values 
ranging from 0.90±0.08 mm to 2.30±0.45 mm. Larger bubbles were found in the rise regions 
of the shallow oil pools. The S.M.D. of nitrogen bubbles was highly dependent on 
temperature; the smallest bubbles were observed at the higher temperatures of 50 and 70°C. 
The larger porosity sparger generated smaller bubbles; however, the differences in bubble 
sizes between this and the smaller porosity sparger were only marginally different. The time 
of sparging (over a period of 60 minutes) was shown not to affect S.M.D. values or the 
shapes of the bubbles. It would appear that adsorption of surface active species onto the 
bubble surfaces was likely because absence of coalescence and similarity in bubble sizes 
and shapes were observed during prolonged sparging. Further evidence that adsorption had 
occurred came from the observation that foaming occurred at temperatures of 18 and 25°C. 
The deposition of material onto the column walls after foam diSintegration was conclusive 
evidence that adsorption had occurred on nitrogen bubble interfaces. Comparison of foam 
heights produced from sintered disc spargers and a ring sparger showed that foamability of 
nitrogen sparged sunflower oil was lower in the latter case. However, the foams produced 
from the porous spargers diSintegrated during prolonged sparging, whilst foams generated 
from the ring sparger progressively increased in height. Foamability and foam stability were 
also dependent on nitrogen gas flow rate and an optimum gas flow rate was defined for the 
type of sparger used. 
The dynamics of nitrogen bubbles in shallow pools of sunflower oil were also defined at a 
sub-atmospheric pressure of 3 mbar, at temperatures in the range of 25-150°C. The S.M.D. 
values of bubbles ranged from 0.97±0.10 mm to 3.16±O.16 mm. S.M.D. decreased 
significantly with temperature; the smallest bubbles were obtained at 150°C. Narrow 
distributions of small, spherical bubbles were obtained at temperatures of 100 and 150°C. 
Analyses of the composition of sunflower oil that had been sparged with nitrogen bubbles at 3 
mbar showed that both the odour and peroxide content of the oil were considerably reduced 
to values that were commercially acceptable. Odour improvement occurred at temperatures 
between 100 and 150°C, whilst the peroxide content reduction was achieved at a 
temperature of 150°C. There were no significant improvements in the free fatty acid 
concentration, colour and phosphatide content of the oil after nitrogen bubble sparging under 
vacuum at any temperature in the range of 25 to 150°C . 
The results clearly demonstrated that, at selected operating conditions, removal of some 
volatile, and odoriferous contaminants from nitrogen sparged sunflower oil could be achieved 
successfully by varying bubble and foam properties. Adsorption appears to be the 
predominant mechanism for contaminant removal at low temperatures, whilst a combination 
of adsorption and volatilation occurs at temperatures between 100 and 150°C. Further 
volatilization of high .molecular weight species such as free fatty acids may be achieved by 
increasing the temperature to 180°C. These studies will be pursued in the future. 
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• Acid (neutralization) equivalent: the number of grams of fatty acid saponified by 1 
mole of potassium hydroxide. It gives the average molecular weight of the fatty acids, 
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acid. Acid number = 0.503% FFA. 
• Amphiphilic sUbstances: compounds that contain both hydrophilic or else lipophobic 
(water-loving) and hydrophobic or else lipophilic (oil-loving) moieties in their molecules. 
• Apparent viscosity. the rate of change of shear stress ('t) divided by the rate of change 
of shear rate (l). 
• Association colloids: see colloidal micelles. 
• Biliquid foams: foams where the dispersed phase is a liquid instead of a gas. 
• Bingham plastic: a material that requires a certain minimum stress to respond to stress. 
• Bubbly foams: foams that consist of spherical bubbles, have a low overrun, are hard to 
make and disappear rapidly. 
• Cohesive energy. see surface free energy. 
• Colloidal gas aphron: foam with very small bubbles and flowing properties similar to 
water. 
• Colloidal micelles: thermodynamically stable, soft, flexible aggregates conSisting of 50-
100 surfactant molecules held together by weak forces (hydrophobic, hydrogen, van der 
Waals). They exist in dynamic equilibrium with surfactant monomers in solution. The 
structure of the micelles in aqueous systems is such that the tails are in the interior of 
the structure, whereas the heads are in contact with the aqueous phase. The size and 
shape of the micelles are affected by the bulk surfactant concentration, the nature of 
the surfactant, temperature, pH, ionic strength of the solution. 
• Conductance: opposite to resistance, it gives a measure of the ease of gas flow through 
a vacuum system. Each part in a vacuum system is characterized by its own 
conductance. 
• ,?o'!vection: mass transfer from one region to another by a moving mass of gas or 
liquid. Natural convection is due to density differences which can be caused by, for 
example, temperature differences. 
• Critica.' micelle concentration (CMC): the concentration at which surfactant molecules in 
a solUtion bunch together to form aggregates (colloidal micelles). 
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• Diffusion: transfer of mass from an area of high concentration to another of low 
concentration, taking place through the spaces left by the solvent molecules. The 
driving force is the concentration difference between the different areas. 
• Dipole-dipole interactions: interactions between the oppositely charged dipoles of 
different molecules. 
• Disulphide bonds: bonds formed between sulphur atoms; they are common in proteins 
and are partly responsible for their structure. 
• Dry foam: foam where most of the liquid has drained, the bubbles are close because 
the thin films and lamellae are thin. Bubbles in dry foams are distorted into polyhedral 
shapes due to lack of space. 
• Efficiency of foaming agent: the volume of the foam divided by the mass of foaming 
agent present in that volume. 
• Ester number: the number of milligrams of potassium hydroxide required to saponify 
the neutral oil present in 1 gram of oil sample, in addition to that required for the fatty 
acids. Ester number = saponification number - acid (neutralization) number. 
• Expansion ratio or factor. the ratio of the total foam volume to the volume of the 
foaming liquid. 
• Flash point and Fire pOint: Flash point is the temperature at which a mixture of oil 
and air ignites. Fire pOint is the required temperature in order to maintain the fire 
(burning) of the sample. Flash and Fire pOints are higher for refined oils as compared to 
crude oils. 
• Foam density: the mass of the foam divided by its volume. It can be approximated by 
the mass of the foam liquid divided by the volume of the foam, where the mass is the 
product of the density and volume of the foam liquid. Foam density can equated to unity 
for aqueous foams which means that the mass of the liquid in the foam is equal to its 
volume. 
• Foam mass: the sum of the masses of the liquid and the gas. It can be approximated to 
the mass of the liquid. 
• Foam: a gas-liquid macrocluster system that leaves a homogeneous phase upon 
destruction, or else a coarse dispersion of gas bubbles in a liquid or solid, or else an 
aggregate of bubbles separated by films of liquid. 
• Froth: a macrocluster system that separates into two phases upon destruction, i.e. into a 
solution of surfactant and into finely divided solid particles. 
• Gas aphron: see foam. 
• Gas expanded monolayer. a monolayer that behaves like a gas because its adsorbed 
molecules are far apart, almost lying flat on the surface and each occupies a large area. 
• Hydrogen bonding: a special type of bond between hydrogen and oxygen or nitrogen 
atoms in different parts of the same molecule or different molecules. 
• Hydrophobic interactions: interactions (clustering or association) between the 
hydrophobic hydrocarbon chains of the same or different molecules in unfavourable 
solution conditions. 
• Interface: a boundary between two immiscible phases. 
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• Intermolecular forces: forces between different molecules. 
• Internal pressure: see cohesive energy. 
• Intramolecular forces: forces within the same molecule. 
• Iodine number (or value): the number of iodine grams that 100 grams of oil absorb or 
bind under specific conditions. It is a measure of the degree of unsaturation (free and 
bound) of the fat product, when its double bonds are non-conjugated. Iodine number as a 
routine procedure has nowadays been replaced by gas chromatography. 
• Ionic bonds: strong interactions between oppositely or similarly charged moieties in the 
same or different molecules. 
• Kugelschaums: fresh, relatively stable foams consisting from very small spherical 
bubbles. 
• Lamella: the -usually plane- thin film of the continuous phase at the area where two 
bubbles meet. 
• Laplace attractive forces: forces that hold the bubbles together in the foam due to the 
presence of three phases (namely: bubbles, liquid containing surfactant that surrounds 
the bubbles, air) and the meniscus formed by the air. 
• Liquid condensed monolayer: a monolayer that behaves similarly to a liquid close to its 
melting pOint. 
• Liquid expanded monolayer: a monolayer that behaves as a liquid close to its critical 
temperature, due to the strong interactions between the hydrocarbon tails of its surfactant 
molecules. 
• London forces: attractive forces between resultant dipoles of neighbouring atoms; they 
increase with a decrease in the distance between the atoms or with increasing atomic 
numbers. 
• Macrocluster system: a system conSisting of three phases i.e. dispersed phase (solid, 
liquid or gas particles), the thin film of continuous phase that surrounds the particles and 
air. A foam is a macrocluster system. 
• Mean free path: the average distance traveled by a gas molecule between successive 
COllisions. 
• Melting point the temperature at which the least easily melting constituent of a fatty 
material melts. It is denoted by complete liquefaction of the sample. 
• ~etastable foams: foams that may last for days, provided that they are not subjected to 
disturbances. 
• Mixed foams: foams consisting of polyhedral bubbles at the top and spherical bubbles 
at the lower parts. 
• Molecular dipole: a dipole formed in a molecule when there is a permanent displacement 
of charge in a molecule. It results in opposite charges in two parts of the molecule. 
• Molecular flow. the gas molecules collide with the walls mainly- not with each other. It 
Occurs When the pressure is so low such that the mean free path is very large. 
• Monolayer: a layer with one defined and one diffuse surface, usually one molecule thick. 
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• Newtonian liquid: a liquid for which shear stress is proportional to shear rate, i.e. a linear 
relationship exists. 
• Non-Newtonian liquid: a liquid for which the relationship between shear stress and 
shear rate is not linear due to interactions between particles or molecules. 
• Outgassing: generation of gas in a vessel through desorption and permeation of gas 
molecules from a surface. Nitrogen gas molecules are weakly held at a surface and are 
easy to desorb because nitrogen is an inert gas. The time taken for nitrogen to form a 
monolayer on a clean surface at 27°C is equal to 2x10~/P seconds. The quantity of 
adsorbed gas increases with pressure and decreases with temperature. Under high 
vacuum and room temperature little gas remains adsorbed. Outgassing rates fall 
exponentially after 10 h of pumping. The type of the surface is very important. Outgassing 
is very difficult to predict and control. High temperatures will give a very high outgassing 
rate initially, which eventually drops. It is believed that initial rapid outgassing rates are 
due to weakly held gas. Strongly held gas molecules are more difficult to desorb. 
• Overrun: percentage ratio of gas to liquid volume. 
• Permanent foams: foams that may last for days. 
• Peroxide number or value: a measure of the amount of oxygen present in the oil, 
determined by the ability of the fat product to form free iodine from potassium iodide in an 
acetic acid solution. It is expressed as millimoles (mmol) of peroxide or 
milliequivalents (meq) of oxygen in 1 kilogram of product. The relationship is 1 mmol=2 
meq. 
• Plateau border or Gibbs triangle: the meeting position of three bubbles at 1200 dihedral 
angles. 
• Po/enske number: it is defined similarly to the Reichert-Meissl number, however it 
represents the water-insoluble fatty acids, i.e. the fatty acids with 8 and more carbon 
atoms. 
• Polyederschaums (or polyhedric foams): foams which contain polyhedral bubbles or 
distorted, spherical bubbles. Shape changes are usually due to lack of space. These 
foams have high overruns and are unstable. 
• Pressure ratio: the ratio of inlet to outlet pressure. 
• Pump compression ratio: see pressure ratio. 
• Pumping speed: the speed at which a vacuum pump removes gas from the system 
during its function to decrease the pressure from atmospheric to the required value within 
the pump capability. It is calculated as the ratio of throughput at the inlet of the system to 
the resulting pressure at a point of interest. 
• Refractive Index: a measure of the extent to which a medium deviates a beam of light 
that enters its surface. It is an indication of the purity of the oil; it increases with the 
degree of unsaturation of the material. There seems to exist an almost linear relationship 
between the Refractive Index (R.I.) and Iodine Number (also a measure of the 
unsaturation degree). 
• Reichert-Meissl number (R-M): the number of ml of a 0.1 N alkali solution required for t~e. n~utralization of the volatile, water-soluble fatty acids which are released during 
dlstillatl?n of 5 grams of a previously saponified and sulfuric acid acidified oil. Volatile 
fatty aCids are those with 4 to 14 carbon atoms; water soluble are those containing 4 and 
6 carbon atoms. 
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• Resultant dipoles: the final dipole that results in an atom by summing the interactions 
between the nucleus and each surrounding electron. 
• Saponification equivalent: the number of grams of fat (or ester) saponified by 1 mole 
(56.104 grams) potassium hydroxide. Saponification number and equivalent are used 
for average molecular weight estimations (as neutralization equivalent). Saponification 
number x Saponification equivalent = 56.104. 
• Saponification number: the number of milligrams of potassium hydroxide required for 
the saponification of 1 gram of oil. The lower the molecular weight of the oil (or its fatty 
acids), the higher the saponification number. 
• Shear strain (r): the amount of deformation that is induced to a material by shear stress; 
it is expressed as tane (approximately equal to e), where e is the angle of deformation. 
• Shear rate: the change of shear strain with time; it is expressed in S-1 • 
• Shear stress: the ratio of the force acting tangentially to an area divided by this area. 
• Shear thinning (pseudoe/asticity) (shear flow causing structure breaking down): the 
phenomenon where fluid viscosity decreases as the shear rate increases, finally 
becoming constant at very high shear rates. For non-Newtonian fluids. 
• Shear viscosity: the ratio of shear stress divided by the shear strain rate or shear 
rate; expressed in Ns/m2• 
• Shear-thickening (dilatancy): the viscosity of a fluid increases with increasing shear 
rate. Uncommon in food systems. 
• Smoking point or Smoke point: the temperature where the oil starts to smoke, while 
being heated under strongly controlled conditions in a special apparatus. Smoking point 
is an indication of the decomposition temperature of the oil, and decreases as its 
degree of unsaturation or free fatty acid content of the product increases. Refined 
sunflower oil a has higher smoking point as compared to the crude oil. 
• Solid foam: a foam with a solid dispersion phase. 
• Spreading coefficient a number that determines the ability of molecules to spread at an 
interface. It is defined as S = CJo-CJs-CJo/s, where CJo is the surface tension of one fluid, CJs is 
the surface tension of another fluid or phase and CJo/s is the interfacial tension. For 
spreading to occur, S should be greater than O. 
• Stress relaxation time: the time taken for a material to respond to stress. 
• s.Urface dilational viscosity: the ability of a liquid surface to resist external 
disturbances, such as an increase in surface area, or the shearing stress on the surface 
by a streaming fluid. Surface dilational viscosity is proportional to a change (increase 
or decrease) in surface tension, inversely proportional to changes (increase or 
decrease) in surface area, and is expressed as 'Y\d = dy/(dlnAldt). 
• Surface shear modulus: the ratio pf surface shear stress to surface shear strain. 
• Surface dilational modulus Gd, is given by Gd = dy/dlnA or Gd = 1/2(dy/dlnrb) 
• Surface or interfacial free energy: the minimum amount of work required to create a 
new surface (or interface) of unit area or to increase the surface by unit amount, by 
counteracting the cohesive forces between the molecules (or the surface/interfacial 
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tension). Or alternatively, the cohesive energy resulting from the imbalance between the 
attractive forces between the molecules and their kinetic energy. 
• Surface or interfacial tension: the tendency of a surface or interface to shrink due to an 
imbalance of the attractive forces that the molecules experience at the surface (e.g. 
attractions from the bulk being stronger by the forces the gas molecules exhibit), as 
opposed to the bulk molecules which experience equal forces in all directions. 
• Surface pressure (n): the difference in surface tensions of the pure liquid (Ow) and the 
liquid with a monolayer of surfactant molecules adsorbed at its surface (as). 
• Surface viscosity: the two-dimensional equivalent of viscosity; it is expressed as Kg/s, 
i.e. surface poise. 
• Surface: an interface where one phase is diffuse (e.g. air). 
• Surfactants or surface active agents: low or high molecular weight amphiphilic 
substances that tend to adsorb to surfaces or interfaces and lower the surface tension i.e. 
the cohesive forces between the molecules. The general formula is: RX, where R is the 
hydrophobic group or tail which is usually a hydrocarbon chain with 10-20 carbon atoms 
and X is the hydrophilic group or head which is polar or ionic, e.g. eOOH, OH. 
• Thin film: a body of phase that has two surfaces separated by a short distance in the 
order of few nanometers; it resembles a sandwich of liquid between two surfactant 
monolayers. 
• Throughput: the rate of flow of gas through the system measured in units such as 
bar.m3/s, i.e. it is defined as q=d(PV)/dt. 
• Titer: the solidification point of the fatty acids liberated from the oil by hydrolysis. 
• Transient foam: foam which only lasts seconds. 
• Turbidity: the ratio of scattered light at 90° to transmitted light. 
• van der Waals forces: attractive forces between particles or molecules, made up of the 
sum of London (or dispersion) forces and dipole-dipole interactions. They can be 
classified as short or long range depending on their strength. 
• Viscosity of gas: the measure of the resistance of a gas to flow. It is independent of 
pressure but proportional to the square root of the temperature. 
• ~iscous flow: the type of gas flow that occurs when the mean free path of gas molecules 
IS much less than the diameter of a vessel or a tube and is therefore characterized by 
collisions between the molecules. 
• Wet foam: a foam with a high liquid content in the thin films and lamellae. The bubbles 
are not distorted because they are separated by relatively thick walls. Wet foams are 
stable. 
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GLOSSARY OF SYMBOLS 
average bubble surface (cm~) 
bubble major axis measured from photograph (cm or mm) 
constant for viscosity evaluation (-) 
real bubble major axis (cm, mm or 11m) ~ 
area under the peak for standard in chromatography (cm ) 
anisidine value 
~ 
area under the peak for component in chromatography (cm ) 
bubble minor axis measured from photograph (cm or mm) 
real bubble minor axis (cm, mm or 11m) 
Bond number (-) 
benzidine value 
orifice coefficient (-) 
concentration of alkali solution used in titration for determination of 
acidity (molll) 
number of moles of free fatty acids at time 1 
degree of acidity in oil before deodorization (-) 
number of moles of free fatty acids at time 2 
degree of acidity in oil after deodorization (-) 
concentration of a component in collapsed foam (g mollcm;j) 
concentration of a component at liquid level h (g mollcm;j) 
initial concentration of a component in a liquid (g mollcm;j) 
concentration of a component in the liquid (g mollcm;j) 
column diameter (m or cm) 
random bubble diameter (cm, mm or 11m) 
bubble diameter (cm, mm or ).lm) 
Sauter mean bubble diameter (cm, mm or 11m) 
spherical bubble diameter (cm or mm) 
degrees of freedom 
degrees of freedom for variable 1 
degrees of freedom for variable 2 
degrees of freedom for variable d 
degrees of freedom (=df1xdf2) 
degrees of freedom for variable n 
orifice diameter or sparger pore size (cm, mm or 11m) 
bubble equivalent spherical diameter (cm, mm or 11m) 
equivalent spherical diameter of bubble i (cm, mm or 11m) 
mean equivalent spherical diameter of bubble (cm, mm or 11m) 
vertical dispersion coefficient (m/s) 
rate of gas flow (cm;j/s) 
volumetric mean bubble diameter (cm, mm or 11m) 
mean VOlume-surface diameter of swarm bubbles (cm, mm or ).lm) 
initial mean volume-surface diameter of bubbles (cm, mm or 11m) 
deodorization or vaporization efficiency (-) 
base of natural logarithms 
deodorization efficiency between times 1 and 2 (-) 
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F 
f 
f/A 
F-crit 
Fr 
g 
Ga 
H 
h 
hf 
i 
J 
K 
k 
K' 
M 
m 
Me 
MS 
N 
n 
nb 
ni 
ns 
nsi 
NTU 
o 
P 
p 
P-crit 
Pb 
Pe 
PH 
Ph 
PV 
pv 
Q 
QN2 
R 
r 
r1 
r2 
r 
rb 
Rf 
ro 
S 
F-value: ratio of variances (-) 
activity coefficient (-) 
number of bubbles per unit time that reach a unit liquid surface (m-~ SO') 
critical F-value 
Froude number (-) 
acceleration of gravity (m/s~) 
Galilei number (-) 
parameter for viscosity evaluation (-) 
liquid level (cm) 
foam height (cm) 
size of image (cm or mm) 
parameter (m-') 
experimental constant (-) 
equilibrium constant (-) 
constant for operating conditions (-) 
molar mass of oleic acid (g/mol) 
magnification (-) 
average molecular weight of gas (g/mol) 
mean of squares 
normality of sodium thiosulphate solution used in titration for 
determination of peroxide value (eq/l) 
constant (-) 
number of bubbles (-) 
number of bubbles with diameter dsi (-) 
number of samples (-) 
number of samples of variable i (-) 
Nephelometric turbidity units 
size of object (cm or mm) 
operating pressure (mmHg, mbar or atm) 
vapour pressure of fatty acids (mm Hg) 
P-value: critical probability value 
total pressure exerted on bubbles (N/m~) 
mean vapour pressure of free fatty acids (mm Hg) 
hydrostatic pressure (N/m~) 
vapour pressure at the head of the deodorizer (mm Hg) 
peroxide value or Index (meq/Kg oil) 
vapour pressure of pure volatile component (mmHg, mbar or atm) 
gas flow rate (ma/s) 
amount of nitrogen required for deodorization (m~) 
goodness of fit (-) 
radius of curvature or bubble radius (cm or mm) 
radius of curvature (cm or mm) 
radius of curvature (cm or mm) 
goodness of fit (-) 
bubble radius (cm or mm) 
foaming rate (cma/min) 
orifice radius (cm or mm) 
nitrogen gas solubility coefficient (ml gas/ml oil) 
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Sj 
SS 
T 
t 
t-crit 
Totox 
t-value 
u 
Ua 
Uo 
V 
V1 
V2 
Vb 
Vt 
Vot 
Vs 
w 
W' 
W1 
We 
Ws 
x 
X 
Xa 
Xc 
Xs 
Y 
Z 
slope index for viscosity evaluation (-) 
sum of squares 
temperature (oC or K) 
time (s, min or h) 
critical t-value 
Total oxidation Index 
outcome of t-test 
bubble velocity (m/s) 
superficial gas velocity (mls) 
gas velocity through orifice (m/s) 
volume of alkali solution used in titration for determination of acidity (ml) 
initial concentration of volatile material in oil (g/Kg oil) 
final concentration of volatile material in oil (g/Kg oil) 
bubble volume (cm;') 
foam volume (cm;') 
overflow rate of foam liquid (cm;'/s or m3/s) 
volume of sodium thiosulphate solution used in titration for determination 
determination of peroxide value (ml) 
weight of sample (g) 
quantity of oil (ton) 
weight of nonpolar fraction (g) 
Weber number (-) 
weight of standard (mg) 
concentration of wax (ppm or mg/Kg sample) 
independent variable 
number of moles of stripping gas 
number of moles of oil 
number of moles of steam 
dependent variable 
independent variable 
Greek symbols 
a. coefficient or slope in regression equation 
13 coefficient or slope in regression equation 
r w surface concentration of an adsorbed component in excess to equilibrium 
concentration (g mOl/m:'!) 
o V-intercept in regression equation 
8P pressure differential across a bubble film (N/m:.!) 
E constant in regression equation 
" dynamic viscosity (cp) 
a parameter for viscosity evaluation (-) 
vL kinematic viscosity of liquid (m:.!/s or cSt) 
PL density of liquid (Kg/m3 ) 
0' surface tension (N/m) 
<l> cumulative percentage of bubbles with diameter greater than d or total 
residue (%) 
<P coefficient in regression equation 
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coefficient in regression equation 
Abbreviations 
A 
AA 
AN OVA 
BC1 
BC2 
BC3 
BC4 
BC5 
BG 
BV 
C 
CT 
EEC 
EXPT 
F5 
FAO 
FFA 
FFARF 
F-test 
FORM 
G-O 
G-1 
G-2 
G-3 
G-4 
GC 
GLC 
HLB 
HPLC 
HPSEC 
IUPAC 
K270 
LC 
MGNFN 
MS 
NA 
NMR 
NV 
PVC 
R 
SO 
SE 
SMD 
SC 
absorbance 
total absorbance 
analysis of variances 
bubble column equipped with a G-3 porosity sparger for use in 
bubble dynamics studies at atmospheric pressure 
bubble column equipped with a G-4 porosity sparger for use in 
bubble dynamics studies at atmospheric pressure 
bubble column equipped with a ring sparger for use in foaming 
studies 
bubble column equipped with a G-3 porosity sparger for use in 
foaming stUdies 
bubble column equipped with a G-4 porosity sparger for use in 
foaming stUdies 
background absorbance 
ball valve 
number of carbon atoms 
cis, trans 
European Economic Community 
experiment 
formation region after 5 minutes of sparging 
Food and Agriculture Organization 
free fatty acids 
free fatty acid reduction factor 
test on homogeneity of variances 
formation region 
sparger porosity (porosity range 150-250 /lm) 
sparger porosity (porosity range 100-120 /lm) 
sparger porosity (porosity range 40-60 /lm) 
sparger porosity (porosity range 20-30 /lm) 
sparger porosity (porosity range 5-15 /lm) 
Gas Chromatography 
Gas-Liquid Chromatography 
hydrophilic-lipophilic balance 
High Performance Liquid Chromatography 
High Performance Size Exclusion Chromatography 
International Union of Pure and Applied Chemistry 
extinction factor for absorption at a wavelength of 270 nm 
Liquid Chromatography 
magnification 
Mass Spectroscopy 
values not available 
Nuclear Magnetic Resonance 
needle valve 
polyvinyl chloride 
red Lovibond colour 
standard deviation 
standard error 
Sauter mean diameter of bubble 
supercritical 
XXIV 
T 
t-test 
TC 
TLC 
IT 
USDA 
UV 
Vis 
vac 
y 
ZAA 
trans 
test on mean values of samples 
trans, cis 
Thin Layer Chromatography 
trans, trans 
United States Department of Agriculture 
ultraviolet 
visible 
vacuum operated bubble column or contactor 
yellow Lovibond colour 
Zeeman absorbance 
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SUNFLOWER OIL: PROPERTIES AND PROCESSING 
CHAPTER 1 
SUNFLOWER OIL: PROPERTIES AND PROCESSING 
1.1 INTRODUCTION 
Edible oils and fats obtained from plants or animals are extremely important in the 
diet of humans and animals (Liu and Brown, 1996). They also make food tastier 
and delay the feeling of hunger (Dimoulas, 1981). Edible oils are liquid triglycerides, 
whereas edible fats are solid triglycerides (Surfactant Dictionary and Encyclopaedia, 
1992-1994). Triglycerides are esters of glycerol with three fatty acid molecules. 
Research has shown that one hundred plants can be used as a source of oil, but 
only 22 of these are worth exploiting commercially. 95% of the world's edible oil 
annual supply is contributed by 12 of these, namely: copra, babassu, sesame 
seed, palm fruit, palm kernel, peanut, rapeseed, sunflower seed, safflower seed, 
olive, cottonseed, soybean (Sonntag, 1979c). Edible vegetable oils are commonly 
grouped according to the main type of fatty acid present in their composition. 
Sunflower oil belongs to the oleic/linoleic acid class because it is essentially the 
triglyceride of oleic and linoleic acids. 
Sunflower oil is extracted from the seeds of the plant Helianthus annuus by 
hydraulic pressing, screw pressing or solvent extraction (Sonntag, 1979d). 
Sunflower seeds have an oil content in the range of 35-45% (Langstraat, 1976; 
Galanos, 1948). Parameters such as climate, temperature, location of the seed 
in the flower and man induced genetiC interventions, all affect the properties of 
the oil (Fick and Zimmerman, 1973). For this reason, sunflower oils from 
different countries or even different producers in the same country may vary in 
their physical properties and chemical composition (Sonntag, 1979b). 
Commercial sunflower oil can be used in the liquid form for salad dressings or 
for cooking or incorporated in the manufacture of other products such as 
margarine (Sonntag, 1979a). Sunflower oil is favoured nutritionally because of its 
high linoleic acid content. The largest producers of sunflower oil in descending order 
are Argentina, Russia, Ukraine, France and United States (Figure 1.1; data sourced 
from FAOSTAT, 1997). In the 1980's, sunflower oil was the second best selling 
edible oil after soybean oil (Norris, 1983b). In the United States sunflower oil is 
ranked 34th on the basis of monetary value of production compared to one 
hundred crops (USDA, 1997). Based on worldwide annual production sunflower oil 
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is ranked 4th after soya, palm and rapeseed oils (Hamm, 1996). Table 1.1 shows 
that sunflower oil production on a worldwide basis has been predicted to increase 
from some 7 million tons in the 1990's to over 10 million tons in the year 2005. 
Figure 1.1 Distribution of sunflower oil production on a worldwide basis (raw data 
sourced from FAOSTAT,1997) 
= 1990 0 1995 • 1996 • 1997 
Table 1.1 Sunflower oil production statistics on a worldwide basis (source: Morrison et 
a/,1995) 
Year Sunflower oil production (million tons) 
1965 3.1 
1990 7.8 
2005 (predicted) 10.8 
Generally, before sunflower oil reaches the consumer, it is subjected to a series of 
refining steps in order to make it acceptable and to increase its nutritional value. 
Sunflower oil deodorization by steam is an intermediate step in industrial 
processing, resulting in the removal of odoriferous and taste-bearing matter 
(Ziegler and Liaw, 1993; Dudrow, 1983; Zehnder, 1976). Steam deodorization has 
a number of advantages over chemical refining methods. These include improved 
yields and product quality, simplicity of processing and possibility of automation 
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and reduced man-power (Carlson, 1979). However, the high temperatures utilized 
during steam deodorization result in a number of undesirable effects, such as 
partial destruction of vitamins and formation of unwanted by-products (trans and 
polyaromatics) (Ahmed, 1997; Grob et aI, 1996; Guemueskesen and Cakaloz, 
1992; Maza et aI, 1992). Therefore, the tendency has been towards developing 
processes with the mildest possible conditions, the so-called mild or green refining 
(Stavrides, 1997; Hamm, 1996). These low temperature processes exclude the 
use of chemicals and avoid adverse chemical reactions (e.g. isomerization, 
polymerization, etc.) which affect the quality of the oil. 
1.2 SUNFLOWER OIL COMPOSITION 
Sunflower oil constituents are characterized by their solubility in organic solvents 
and insolubility in water (Dimoulas, 1981). Typical sunflower oil contains the 
following substances (Helmis, 1997; Artho et aI, 1993; Heliopoulos, 1991; the 
chemical formulae of some of these chemicals are shown in Figures 1.2-1.7): 
• triglycerides - esters of glycerol with three fatty acid molecules 
• di- and mono-glycerides - partial esters of glycerol with two and one fatty acid 
molecules, respectively 
• waxes - esters of high monovalent alcohols with monocarboxylic fatty acids 
(R-COO-R') 
• free fatty acids - long-chain organic acids with even numbers of carbon atoms 
(R-COOH) 
• phosphatides, phosphoglycerides or phospholipids - esters of glycerol with two 
fatty acid molecules and one phosphoric acid molecule 
• sterols - cyclic high molecular weight alcohols 
• colouring matter or pigments - highly unsaturated, conjugated hydrocarbons 
• oil-soluble vitamins - high molecular weight cyclic alcohols with one oxygenated 
ring 
• hydrocarbons - unsaturated, non-conjugated hydrocarbons 
4 
H~CO-R1 
I 
H-C-OH 
I 
H~H 
Mono-glyceride 
(fatty acid 
in a-position) 
H~CO-R1 
I 
H-C-OCO-R2 
I 
H~H 
Di-glyceride 
(fatty acids in 
a, ~-positions) 
Figure 1.2 Structures of glycerides 
CH~CO-R1 
I 
~CO-CH 0 
I II 
CH2 -O-P-O-R 
H~-OCO-R1 
I 
H-C-OCO-R2 
I 
H~CO-~ 
Triglyceride 
OH 
CH2(OH)-CH(OH)-CH2(OH) 
- glycerol base -
CH2CH2N+ (CH3)3 
- choline base -
Ol 
- inosite base-
Figure 1.3 Structures of Phosphatides 
Note: Phosphatidyl-inositides, phosphatidyliJlyceroI and phosphatidyk:holine are common phosphatides found i 
sunfloNer oil (R: inosite, glycerol or choline base) 
HO 
Figure 1.4 Sterol structure 
R : hydrocarbon groups; 
Total number of ring carbon atoms =19 
OH 
H3 
Figure 1.5 13-Tocopherol structure 
Rl:(CH2hCH(CH3)(C~hCH(CH3)(C~hCH(CH3h 
or ~eH33 
Note: a-tocopherol contains an additional methyt 
group as canpared to lHocopheroI; ~ and y-
tocopherols differ in the positions of their methyl 
groups; 0 - tocopherol has a methyl group attached 
to the eighth carbon atom of the ring structure 
R ___ ~:O~ 
Figure 1.6 I3-Carotene structure 
R : -(CH=C~(CH3)=CHh-CH=CH-(CH=C(CH3)CH=CHh-
CH3 CH3 CH3 CH3 CH3 CH3 
24 123 118 114 110 16 11 
CH3CCHCH2CH2C=CHCH2CH2C=CHCH2CH2CH=CCH2CH2CH=CCH2CH2CH=CCH3 
Figure 1.7 Squalene structure 
Note: numbers 1-24 denote positions of carbon atoms. 
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In addition, sunflower oil contains oxidation products such as hydroperoxides, 
aldehydes and ketones, moisture and metal traces. Generally, sunflower oil 
components can be considered as belonging to three groups: simple lipids 
(glycerides, waxes), mixed lipids (phosphatides, glucolipids, lipoproteins) and 
others (sterols, oil-soluble vitamins, hydrocarbons, etc.; Heliopoulos, 1991). 
According to a more general classification, sunflower oil constituents can be 
grouped into saponifiables (fatty acids, glycerides, waxes) and unsaponifiables (or 
non-oil or non-glyceride; Sonntag, 1979a). 
1.2.1 SAPONIFIABLE (OIL) COMPONENTS 
(a) Fatty acids 
Fatty acids are long-chain organic acids (R-COOH) with even numbers of carbon 
atoms. They contain 4 or more carbon atoms and are insoluble in water 
(hydrophobic). In sunflower oil fatty acids occur both in the bound form as 
glycerides (hydrophobic) or as free fatty acids. Free fatty acids are formed and 
accumUlate due to partial hydrolysis of the triglycerides (Surfactant Dictionary and 
Encyclopaedia, 1992-1994; Hampson and Hudson, 1961). Fatty acids constitute 
almost 95% of the composition of sunflower oil and exist mainly in the form of 
esters. The types of bound or free fatty acids present in sunflower oil will 
influence the physical and taste properties of the oil (Dimoulas, 1981; Sonntag, 
1979a). The physical properties of fatty acids, for example water solubility, physical 
state, volatility, boiling and melting points are greatly influenced by their molecular 
weight and degree of unsaturation (Formo, 1979). Solubility in water and vapour 
pressure or volatility of fatty acids decreases with increasing molecular weight. 
Saturated fatty acids with 10 or more carbon atoms are solid, whereas unsaturated 
fatty acids have lower melting points and are liquids at room temperature. 
Saturated fatty acids i.e. single bonded, general formula CnH2n02, which are 
present in sunflower oil include: myristic (C14:0), palmitiC (C16:0), stearic (C18:0), 
arachidic (C20:0), behenic (C22:0), lignoceric (C24:0). The mono-unsaturated cis 
fatty acid oleic (C18:1) and the cis, cis di-unsaturated linoleic (C18:2) and the 
cis, cis, cis tri-unsaturated linolenic (C18:3) are also present in sunflower oil 
(General Chemistry State Laboratory of Greece, 1995). Sunflower oil is favoured 
increasingly because of its high linoleic acid content (60-75%), which is regarded 
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as having great nutritional value (Gunstone, 1983b; Formo, 1979). Recently 
emphasis is being placed on increasing the oleic acid content of sunflower oil to 
levels as high as 75%, which is comparable to olive oil (Liu and Brown, 1996; 
Kotrokois, 1996). In U.S.A. researchers have developed and cultivated hybridized 
high oleic acid sunflower seeds (Voelker, 1996; Fick, 1983). Genetically modified 
high oleic acid sunflower oil was shown to have increased frying stability as 
compared to normal oil. Sensory evaluation has shown that the odour of sunflower 
oil after frying for 1 hour at 190°C was similar to that of hydrogenated corn oil 
(Warner and Knowlton, 1997). Therefore, genetic modification to increase oleic 
acid content has potential as an alternative means to hydrogenation for increasing 
stability of sunflower oil. 
Unsaturated fatty acids are more reactive than the saturated ones. They can 
participate in addition reactions due to their double bonds. For example they 
react with hydrogen (hydrogenation) and with halogens and oxygen (Gunstone, 
1983c; Hampson and Hudson, 1961). Partial hydrogenation or catalytic heating, 
may result in their conversion into the trans form, which is less irregular, less 
reactive and has a higher melting pOint (Liu and Brown, 1996; Sonntag, 1979a; 
Moore, 1919). Heating in the presence of alkali or partial catalytic hydrogenation 
can result in their transformation to their conjugated equivalents (Sonntag, 
1979b; Brice et aI, 1945). Free fatty acids adversely affect the physical and taste 
properties of sunflower oil. Generally, free fatty acids cause worsening in the taste, 
flavour and physical properties of sunflower oil. Therefore, it is essential that free 
fatty acids are removed. Free fatty acids are removed by chemical (alkali) refining 
or steam deodorization of the oil. 
(b) Glycerides 
Triglycerides are the most important constituents in sunflower oil and in most 
other oils and fats. Mono- or di-glycerides are present in natural fats and oils which 
have been damaged by hydrolysis during storage or subjected to highly moist 
environments, or by enzymic action on the fruit or the seed (Arroyo et aI, 1992; 
Sonntag, 1979a). The degree of hydrolysis depends on moisture levels, 
temperature and the presence of catalysts. Genetic modifications in sunflower 
seed caused alterations in triglyceride formulations which were interpreted as 
changes in the total fatty acid composition of the oil (Reske et aI, 1997). Short chain 
fatty acid triglycerides melt at lower temperatures because they are unable to 
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pack well in the crystal lattice and so are recommended as low calorie fats. Chain 
packing, functionality and physical properties of triglycerides are all affected by the 
type of unsaturation of the chain, i.e. cis or trans (Kodali, 1997; Reske et aI, 1997). 
Heating of sunflower oil in the presence of acidic or basic catalysts may result 
in an interchange of fatty acids between different triglycerides, leading to a new 
product. This process is known as interesterification (Gunstone, 1983d). Exposure 
of the oil to high temperatures for extended time periods can cause conversion 
of the cis materials to the trans-isomers (isomerization) (Grob et aI, 1996; Sonntag, 
1979b). Polymerization may occur at ambient temperatures by the action of oxygen 
or at high temperatures in absence of oxygen. Similarly, saturated acid glycerides 
contribute to the formation of carbonyl compounds responsible for off-colours and 
flavours, both in presence or absence of oxygen. In the latter case, this only 
occurs at temperatures in excess of 300°C (Hampson and Hudson, 1961). The 
presence of oxygen and traces of metal catalyst causes autoxidation and 
spoilage of the oil resulting in hydroperoxides as intermediate products. The latter 
can decompose to carbonyl compounds, acids and alcohols which impart off-
flavours to the product. 
1.2.2 NON-GLYCERIDE (UNSAPONIFIABLE) COMPONENTS 
The term unsaponifiable is used for material that does not react with sodium 
hydroxide. These include sterols, triterpene alcohols, colourless hydrocarbons, 
terpenoid hydrocarbons, pigments (carotenoids), vitamins, tocopherols, other 
antioxidants and minerals. In addition to the above constituents, crude sunflower oil 
contains phosphatides, carbohydrates in their free form or as complexes with 
phosphatides and degraded proteins from hydrolysis of the oil seed proteins 
(Sonntag, 1979a). Phosphatides, carbohydrates, proteins and their derivatives are 
removed by degumming (Young, 1980). Proteins and carbohydrates are believed 
not to affect the properties of the marketed oil and these compounds are therefore 
not considered by sunflower oil manufacturers. For this reason, major edible oil 
producers such as Elais, do not analyze such materials (Stavrides, 1997). 
Bleaching removes pigments, oxidation products and trace metals. Sterols and 
carotenoids are partially removed by chemical (alkali) refining or deodorization, as 
discussed in section 1.6.2.3. 
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(a) Phosphatides or phospholipids or phosphoglycerides 
The phosphatide content in crude sunflower oil ranges from 1-2% and most of it is 
removed during refining. Phosphatides adversely affect the stability and taste of the 
oil. Generally, refined oils contain 0.5-1 ppm phosphorus and 20-40 ppm 
phosphatide concentrations (Sonntag, 1979a). For example, Elais, SA, have a 
policy of rejecting crude sunflower oils with higher than 800 ppm phosphorus. 
content. Degumming reduces the phosphorus . content to 20 ppm and the final 
deodorized product contains 2-5 ppm phosphorus (Stavrides, 1997). Choline 
phosphoglycerides are waxy and initially yellowish but on exposure to air and light, 
they eventually turn brown. Ethanolamine phosphoglycerides are solid and 
colourless initially, turning to red-brown on exposure to light and air (Heliopoulos, 
1991). Both are soluble in common oil solvents, fairly soluble in oils and fats and 
insoluble in acetone (Hampson and Hudson, 1961). 
(b) Sterols 
Sterols are the main unsaponifiable constituents of sunflower oil. They are cyclic, 
high molecular weight and high melting point alcohols. They are present either 
free, or in the form of fatty acid esters (waxes) or as glucosides. Glucosides are 
combination products of hydroxy compounds and sugars (Condensed Chemical 
Dictionary, 1966). Vegetable oil sterols are distinguished by the name 
phytosterols. The most representative phytosterols in sunflower oil are J3-
sitosterol (C29HSOO), stigmasterol (C29H4sO) and campesterol (C2sH4SO) (Kiritsakis, 
1988; Itoh et aI, 1973a,b; Fedeli et aI, 1966). Sterols are soluble in oils and 
organic solvents. They have little solubility in ethanol and are insoluble in 
water (Heliopoulos, 1991). Sterols can be converted to vitamin D (Sonntag, 
1979a). Chemical (alkali) refining or steam refining reduces the sterol content in 
oil (Dudrow, 1983; Neal, 1944). 
(c) Triterpene alcohols and Fatty alcohols 
Triterpene alcohols contain five cyclohexane rings with a total of 30 carbon atoms. 
Most common are cycloartenol, 24-methylenecycloartenol and a-amyrin (Sonntag, 
1979a; Itoh et aI, 1973b; Fedeli et aI, 1966). Fatty alcohols may occur free or as 
fatty acid esters. These esters are also called waxes because they give a 
cloudy appearance to cold oils (Stavrides, 1997). They appear in very small 
amounts in sunflower oil, and have high melting points (Morrison et aI, 1995; 
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Hampson and Hudson, 1961}. The significance of these compounds is not fully 
known; however, wax removal is desirable since they affect the appearance and the 
physical properties of the oil (Forster and Harper, 1983). 
(d) Hydrocarbons 
The most common hydrocarbon that occurs in sunflower oil is the colourless, 
polyunsaturated, non-conjugated squalene C30HSO (Kiritsakis, 1988; Sonntag, 
1979a). Squalene content in sunflower oil ranges from 8-19 mg/100 g oil. 
Hydrocarbons may affect oil storage and stability, since their double bonds enable 
their participation in oxidation reactions. Although squalene acts initially as an 
antioxidant and protects the oil from oxidation, in later stages it is a prooxidant 
(Govind Rao and Achaya, 1968). Squalene is removed during deodorization. 
(e) Pigments 
Pigments or carotenoids are highly unsaturated, conjugated hydrocarbons which 
are responsible for the colour of sunflower oils. They are soluble in sunflower oil 
and its solvents and insoluble in water. The most important, trans J3-carotene, is a 
precursor of vitamin A (Marty and Berset, 1986). Carotene removal is desirable 
because it affects the stability and colour of the oil. Alkali refining does not remove 
them. Hydrogenation results in a reduction of degree of unsaturation and the 
colour intensity. Carotene concentration is substantially lowered by bleaching with 
an inert adsorber. Steam deodorization is effective as a removal method, but it 
partially decomposes these pigments (Sonntag, 1979a). 
(f) Oil-soluble Vitamins 
Tocopherols (a., /3, y, 8) are of biological importance as sources of vitamin E in 
addition to being natural antioxidants (Giese, 1996; Waltking et ai, 1977). Their 
antioxidant function has been associated with the oxidative changes they undergo 
during oxidation (Golumbic, 1943). They are effective antioxidants at low 
concentrations «0.01%). Sunflower oil has been reported to have a tocopherol 
content of 0.07% (Lange, 1950). Tocopherols are oil-soluble, light yellow to 
colourless and oxidize easily to tocoquinone (Figure 1.8). Tocopherol will also 
partially oxidize to chroman-5,6-quinone which is a dark red antioxidant and can 
be used as an indicator of oil oxidation (Golumbic, 1943). 
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CH3 
°OR2 
H3C -=-0 
CH3 
Figure 1.8 a-Tocoquinone structure 
R2: (CH2)2C(CH3)(OH)(CH2)3CH(CH3)(CH2)3CH(CH3)(CH2)3CH(CH3)2 
Steam deodorization may destroy substantial amounts (depending on temperature 
and pressure) to the extent that tocopherol addition to the end product may be 
required (Waltking et aI, 1977). Recovery of lost tocopherols is possible by 
molecular distillation of the steam deodorization by-product (Lange, 1950). 
(g) Oxidation products and Antioxidants 
Unpleasant flavours and odours in sunflower oil are usually due to the products of 
oxidation reactions (Przybyski and Hougen, 1989). Oxidation products include 
hydroperoxides, aldehydes and ketones (Frankel et aI, 1983; Holm et aI, 1957). 
Flavour reversion due to partial autoxidation in sunflower oil may be attributed to 
oxidation of linolenic acid to produce 2-trans,4-cis,7-cis-decatrienal. This molecule 
is responsible for a 'fishy' odour in the oils (Sonntag, 1979a; Meijboom and Stroink, 
1972). Sunflower oil also contains terpenoid hydrocarbons that may also be 
responsible for strong odours and flavours (Jasperson and Jones, 1947). Some 
of these odorous materials are volatile and can therefore be removed by steam 
distillation at temperatures of 230-260oC (Dimoulas, 1981). Oxidation of the oil 
can also be delayed by presence of certain substances occurring naturally in 
the product such as tocopherols or by the addition of artificial antioxidants. 
Tocopherols are destroyed by the high temperatures used in oil refining. Squalene 
acts as an antioxidant initially by accepting free radicals; however, it eventually 
catalyzes oxidation possibly by acting as an oxygen donor for the formation of 
hydroperoxides (Govind Rao and Achaya, 1968). The antioxidant effect of 
tocopherol may be enhanced by synergists such as phosphatides, namely 
cephalin (Sonntag, 1979a, d; Lea, 1957). The synergy of phosphatides is 
correlated to their ability to bind to the metal ions that promote oil oxidation or to 
reduce the oxidized inactivated antioxidant to its previous active structure. Other 
antioxidant synergistics include phosphoric acid, ascorbic acid, tartaric acid, citric 
acid (Giese, 1996). Ascorbic acid is a reducing agent whilst phosphoric acid is a 
chelating agent. 
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The General Chemistry State Laboratory of Greece (1995) forbids the use of 
preservatives in sunflower oil (see Appendix for detailed translation of regulations). 
However, in other countries, the addition of synthetic antioxidants may be tolerated 
(Giese, 1996). Synthetic antioxidants should be heat stable, non-toxic and 
effective at low concentrations. Permitted synthetic antioxidants for sunflower oil 
are: TBHQ (tert-butylhydroquinone), BHA (butylated hydroxyanisole) and BHT 
(butyl hydroxytoluol) (Heliopoulos, 1991; Sherwin and Luckadoo, 1970; Figure 1.9). 
Other common antioxidants include gum guaiac, propyl gallate and choline 
phosphoglyceride. 
OH CH3 ~H' 
OCH3 
BHA 
Figure 1.9 Structures of BHA, BHT and TBHQ 
TBHQ was proved to offer superior protection to crude oil in comparison to the other 
artificial antioxidants (Sherwin and Luckadoo, 1970). Unfortunately it is totally 
removed by deodorization, rendering the oil unstable. BHA and propyl gallate 
only offer little antioxidant properties to crude sunflower oil. 
(h) Metals 
In sunflower oil, metals may come from soil, from the use of metal catalysts 
during processing or from contact with processing equipment (Sonntag, 1979a). 
For this reason, Elais, S.A., Greece does not use processing equipment 
constructed from any material other than stainless steel (Stavrides, 1997). 
Reduction of the metal content to trace amounts is desirable and this is usually 
achieved by alkali refining or bleaching (Young, 1980). Acceptable levels for trace 
of metal in sunflower oil as recommended by Elais, S.A. are: 
T bl 12 A a e . t bl I ccepla e eve so f t I· d·bl ·1 E . SA 99) me a s In e I e 01 S (source: lals, .. , 1 7 
Metal Acce~table Level (ppm) 
Iron (Fe) 0.1-0.3 
Nickel (Ni) 0.1 
Copper (Cu) 0.005-0.02 
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1.3 SURFACTANT CHARACTERISTICS OF MOLECULES TYPICALL Y 
FOUND IN SUNFLOWER OIL 
Surfactants are substances capable of exhibiting surface activity. Attractive or 
cohesive forces including van der Waals forces, ionic, hydrophobic, hydrogen, 
disulphide interactions, or combinations of these operate at the molecular level 
(Munk, 1989; Freifelder, 19a5). The attractive forces between molecules are 
counteracted by their kinetic energies (Brown, 1972). Bulk molecules are strongly 
held together, experiencing the same attraction in all directions. However, surface 
molecules are attracted towards the interior of the solution, thus forming the 
condition for the liquid to be held together i.e. a "skin" or surface tension is formed 
(Sebba, 1987). As temperature increases, the kinetic energy of molecules 
increases, cohesive forces become weaker and surface tension is lowered 
(Streeter and Wylie, 1979). The surface tension of a pure liquid also decreases in 
the presence of impurities such as surfactants. These surfactant molecules are 
expelled from the bulk and forced to adsorb at the surface where the intermolecular 
forces are weaker. At the surface, surfactant molecules lessen the attractive forces 
between existing liquid molecules (Adamson, 1990). To exhibit such surface activity 
compounds should contain a hydrophobic hydrocarbon chain and a polar charged 
hydrophilic head or an oxyethylene moiety. Based on the nature of their head, 
surfactants are classified as water-soluble (anionic, cationic, amphoteriC or 
zwitterionic) and oil-soluble (Rosen, 1989). For non-ionic surfactants, properties 
such as oil and water solubility and surface activity are determined by the 
hydrophilic-lipophilic balance number, HLB. A high (8-18) HLB indicates water 
solubility, if HLB is low (4-6), the molecule is oil-soluble and if HLB is medium (7), 
it is neutral (Voelkel et ai, 1993; Rosen, 1989; Griffin, 1950). The HLB number is 
mostly affected by the hydrophobic moiety of the molecule. However, it should be 
stressed that in mixtures of compounds such as oil, the empirical HLB number is not 
a very accurate method for predicting their behaviour in solution. 
Oil soluble components include triglycerides, mono- and di-glycerides, waxes, free 
fatty acids, fatty alcohols, phospholipids, sterols, tocopherols, vitamins, carotenes, 
hydrocarbons and oxidation products. They are characterized by their solubility in 
oil or organic solvents and by their hydrophobicity since many of them contain 
hydrophobic chains and polar groups. Most compounds, with the exception of 
triglycerides, are likely to display surface activity. Antifoams for use in oils, 
should have very low oil solubility and a lower surface tension than the oil itself 
(Shearer and Akers, 1958). 
13 
Fatty acids act as surfactants via their reactive terminal -COOH groups, the a-
carbon atoms, or one of the double bonds (Jungerrnann, 1979). The carboxyl 
group of fatty acids is hydrophilic, whereas their tails are hydrophobic or 
lipophilic. Fatty alcohols are also surface active, their polar group being the -OH. 
Fatty acids and fatty alcohols are both oil-soluble and both have tails that are 
insoluble in water. The molecules are slightly soluble in water because of the 
presence of their hydrophilic heads which are attracted to water via dipole 
interactions or hydrogen bond formation (Rosen, 1989; Sebba, 1987). 
Phospholipids containing polar/non-polar parts in their molecules, are water-
soluble, amphoteric (zwitterionic) surfactants. At a pH of 7, choline phosphogly-
ceride will have a zero charge which is associated with minimum water solubility 
and causes foaming. Non-ionic, low molecular weight surfactants include 
monoglycerides, sugar esters and compounds containing the -OCH2CH2 group. 
The type of the hydrocarbon chain has also some effect on surface activity. It has 
been found that hydrocarbon containing surfactants are less surface active than 
fluorocarbon or silicone ones (Ohno et ai, 1992). Increased solubility in oil occurs 
with increased hydrocarbon chain length, branching, degree of unsaturation and 
the presence of ring structures. Hydrocarbon chains are expected to be more 
closely packed at an interface compared with branched or ring structures. In some 
cases, ring structure can be considered as equivalent to a straight chain with 
respect to surface activity. For example, the decyldiphenyl ether moiety seems to 
be equivalent to a straight alkyl chain of 16 carbon atoms (Rosen et ai, 1992). 
Usually, surfactants present at low bulk concentrations form expanded monolayers 
that do not obstruct molecular transport across interfaces (Sebba, 1987). However, 
proteins, polypeptides, alcohols and fatty acids may adsorb at a surface to form 
condensed monolayers that can impede mass transfer across an interface. Water 
solubility of an oil-soluble surfactant may enable it to form a liquid-crystal at the 
interface. 
1.4 CHEMICAL REACTIONS ASSOCIATED WITH SUNFLOWER OIL 
The most important chemical reactions in sunflower oil are hydrolysis and 
addition reactions. Hydrolysis is a reversible reaction of the triglycerides leading 
to the formation of glycerol and free fatty acids; Figure 1.10 (Gunstone, 1983d). 
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Hydrolysis increases the free fatty acid content of sunflower oil and as discussed 
previously these must be removed by refining and deodorization. In addition, 
hydrolysis results in total oil reduction due to losses associated with participation of 
the triglycerides in the reaction (Stavrides, 1997). Hydrolysis is favoured in the 
presence of liquid water, high temperature and high pressure. Careful selection 
of processing temperature is required in order to avoid polymerization in 
addition to hydrolysis (Heliopoulos, 1991). Hydrolysis may also occur during 
storage of the raw material or the end product. It is catalysed by acids, 
emulsifiers and lipolytic enzymes e.g. lipases occurring in oil bearing residues 
(Kiritsakis, 1988). 
triglyceride glycerol fatty acid 
Figure 1.10 Hydrolysis reaction of triglycerides 
In addition reactions (which usually take place in the presence of a catalyst) another 
molecule, such as a halogen or a hydrogen halide, hydrogen or oxygen, is added to 
a double bond of a molecule; Figure 1.11 (Norman and Waddington, 1978; Murray, 
1978) 
-C=C- + X2 -cx-cx-
Figure 1.11 Example of an addition reaction 
Hydrogenation which is the reaction of hydrogen with unsaturated fatty acids, 
glycerides or methyl esters reduces the degree of unsaturation of fatty acids 
(Sonntag, 1979c). It is favoured at high pressures (1.5 to 2 bar) in the presence 
of metal catalysts (usually nickel) and it may represent a unit operation in edible 
oil refining. This process results in oil hardening and hydrobleaching of the oil 
pigments which gives oil a lighter colour (Stavrides, 1997). Another positive effect 
of hydrogen addition is increased stability of the oil due to the reduction of its 
degree of unsaturation. In a recent modification of the process, hydrogenation was 
carried out in the cathode of a solid-polymer-electrolyte reactor at 50-80°C and 
ambient pressure. This method was claimed to result in lower production of trans 
isomers (50-90%) of unsaturated fatty acids compared to the conventional process 
(Pintauro, 1997). 
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Oxidation or the addition of oxygen results in deterioration of the quality of sunflower 
oil. Oxidation products such as peroxides, are polymerized or decomposed at 
high temperatures, giving medium to low molecular weight saturated and 
unsaturated components such as aldehydes, ketones and acids which are 
responsible for characteristic unpleasant odours and flavours in sunflower oil 
(Cheng et aI, 1994). A measure of peroxide content in sunflower oil, is used 
routinely by Elais, S.A. to define the oxidation status of the product. In addition to 
fatty acids and their glycerides, non-saponifiable components may also oxidize 
mainly by the addition of oxygen on their double bonds (Lea, 1957). Malonaldehyde 
can be used as an indicator of the degree of oxidation of the oil (Nair, 1984). 
Readily oxidized polyunsaturated fatty acids such as linoleic acid, present in trace 
amounts, catalyze the autoxidation of oleic acid (Sonntag, 1979d). Oxidation is 
quantified by a lowering of the iodine value, saponification equivalent, increased 
acidity or decrease in unsaponifiable material (Cattaneo and Karman, 1945). 
Oxidation may occur naturally, for example by the action of bacteria, enzymes, 
oxygen, air (autoxidation), light (photooxidation) all of which can be significant at 
the initiation of plant harvesting (Neumann et aI, 1991). The rate of autoxidation is 
faster in sunlight than in the dark, is affected by the construction material of the oil 
containers and results in the formation of different hydroperoxide isomers 
compared to photooxidation (Topallar et aI, 1997; Sonntag, 1979d). 
Saturated fatty acids do not oxidize as readily as the unsaturated ones, unless the 
temperatures are very high and appropriate catalysts are present. If they do, they 
give ketones at temperatures close to their boiling points or dibasic acids upon 
oxidation at about 90°C in the presence of nitric acid, nitrogen oxide or oxygen. 
Oxidation is enhanced by the presence of conjugated double bonds or 
methylene groups (Sonntag, 1979d). Cis-isomers are more susceptible to oxidation 
than trans-isomers. Free fatty acids are less susceptible to oxidation compared 
to their glyceride equivalents. Low amounts of water protect against oxidation by 
preventing oxygen absorption by the reactants. In excess, water enhances 
oxidation possibly by hydrating traces of metals. The optimum water content in a 
process depends on the specific oil type (Heliopoulos, 1991). For example, Elais 
maintain a water content below 0.05% in steam deodorized sunflower oil. 
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Following steam deodorization sunflower oil may develop a "fishy" flavour. This 
change is known as flavour reversion. It is thought that in unhydrogenated oils, the 
reaction of nitrogen-containing compounds with the oil during oxidation may be 
responsible for the fishy flavours (Davies and Gill, 1936). High temperature flavour 
reversion (heat reversion) is attributed to changes to the glycerides, whereas 
regular temperature flavour reversion is believed to be due to the presence of 
unsaponifiable matter (Sonntag, 1979d). 
The properties of sunflower oil may change at various stages during 
processing. Other reactions include esterification (ester production by the reaction 
of free fatty acids and alcohol), interesterification (exchange of fatty acids between 
different triglycerides) and alkali saponification (reaction of free fatty acids with 
alkali to form soap). At high temperatures, additional reactions have been reported: 
dehydration, polymerization (production of glyceride or fatty acid macromolecules), 
isomerization (conversion of cis or non-conjugated compounds to trans and 
conjugated compounds), cyclization (conversion of straight chain compounds to 
cyclic ones) (Heliopoulos, 1991; Gunstone, 1983(a-d); Sonntag, 1979c; Hampson 
and Hudson, 1961). 
1.5 PHYSICAL PROPERTIES OF SUNFLOWER OIL 
Table 1.3 overleaf shows some important physical properties of sunflower oil. 
These include viscosity, density, surface tension, melting point, smoking or 
smoke point, flash point and refractive index. 
(a) Rheology 
Sunflower oil behaves as a Newtonian fluid, unless subjected to very high shear 
rates, in which case it will behave as a thixotropic plastic due to the orientation of 
molecular aggregates (Formo, 1979). Sunflower oil has a higher viscosity than 
water (Kern, 1965) possibly due to the interaction of the long chains of the 
glycerides. Sunflower oil viscosity decreases with increasing temperatures. The 
effect of temperature on the viscosity of the oil can be described by the following 
empirical relationship (Gouw et aI, 1966) 
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H= A + SiB 
where H = IOglO(1200 + 10g1]) 
and B = -IOglO(1 +T1135) 
(1.1a) 
(1.1b) 
(1.1c) 
where TJ is the viscosity (cp), A is a constant, Si is the slope index=0.95, T is the 
temperature (oC). A plot of H versus e gives a straight line of slope Si with an 
intercept A. H is parameter of viscosity evaluation. 
The density and specific gravity of sunflower oil are affected by the temperature 
and to a lesser extent by the pressure (Streeter and Wylie, 1979). Density was 
found to decrease by 0.00064 units for each degree centigrade increase in 
temperature (Forma, 1979). 
T bl 1 3 T . I Ph . I a e . !YPlca lYSlca prope rf les 0 f fI ·1 sun ower 01 s 
Property Range 
Specific gravity (25/25UC~ 0.915-0.919 
{15/150ci 0.922-0.926 
Melting point (UC)Ol 
-16 to -18 
Titer (UC) , 16-20 
Refractive Index (25UC) 1.472-1.469 
(400 C)3 1.467-1 .469 
Colour -crude light amber; 65-75 Blue (430 nmt 
-processed pale yellow; ~80 Blue (430 nm)4 
25Y/2R Lovibond 
Odour -crude distinctive 
-deodorized normally no odour 
Rheological behaviour" true Newtonian fluid 
Kinematic viscosity (cst)" (37.8u C) 33.31 
J98.9OCJ 7.68 
Symbols: Y:yellow, R:red 
Sources: lSonntag, 1979b; 2Heliopoulos, 1991; 3Codex Alimentarius, 1993; 4Elais, SA own scale- numbers in 
brackets denote spectrophotometer wavelength, Blue denotes beam hue; SPerry and Chilton, 1973. 
(b) Surface tension 
Specific values for the surface tension of sunflower oil are not available in the 
literature but values in the range of 0.03-0.04 N/m (30-40 dynes/cm) at 20°C 
(Feuge, 1947) have been quoted for vegetable oils. Surface tension at the 
cottonseed oil-water interface was shown to decrease with increasing 
concentrations due to the addition to oil of surfactants such as purified 
monoglycerides or commercial monoglycerides containing small proportions of free 
fatty acids and glycerol (Kuhrt et ai, 1950; Feuge, 1947). Saturated monoglycerides 
lower interfacial tension to a greater extent as compared to unsaturated 
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monoglycerides. Mixtures of these surfactants behave differently from any single 
pure surfactant. Surface active compounds such as carotenoids, phosphatides, 
tocopherols, sterols etc. are removed by adsorption onto solid adsorbents during 
the bleaching stage of oil refining (Formo, 1979). The triglycerides are therefore 
separated from these surface active agents. 
(c) Vapour pressure and Boiling point 
The vapour pressures of individual constituents of oil form the basis of a 
separation technique called deodorization. This method relies on the differences in 
volatilities between the triglycerides and other numerous undesirable substances. 
Triglycerides have very low vapour pressures in comparison with monoglycerides 
and free fatty acids. The latter are therefore easy to remove by vacuum distillation 
in the presence or absence of steam (Formo, 1979; Kuhrt et ai, 1950). Vapour 
pressure of fatty acids, p (mm Hg), is given by the following equation: 
10910 P = -8358.9/T +70.1442 -19.20 log10T (1.2) 
where T is the absolute temperature (K). 
Boiling point data for free fatty acids at different pressures have been published by 
Spizzichino (1956) and Jantzen and Erdman (1952). Goodrum (1997) has published 
boiling point data for short chain triglycerides (C6:0 and C8:0) at pressures in the 
range of 27-1000 mbar. A plot of pressure (mm Hg) versus 1ITx104 (where T is the 
absolute temperature in K) is linear showing that pressure is inversely proportional 
to the temperature function. The boiling point of sunflower oil components 
decreases linearly with operating pressure (Perry and Chilton, 1973). Boiling point 
of saturated free fatty acids increases with increasing number of carbon atoms. 
For unsaturated free fatty acids the boiling point decreases as the degree of 
unsaturation increases. Volatility of free fatty acids has a direct effect on smoke, fire 
and flash pOints of sunflower oil. All these parameters have reduced values at 
high free fatty acid concentrations (Stavrides, 1997; Formo, 1979). 
(d) Gas solubility 
Gas solubility in sunflower oil is affected by temperature. Solubility increases with 
increasing temperatures (Ouellet and Dubois, 1948). For nitrogen gas, the solubility 
can be calculated from the following equation (Formo, 1979) 
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S = 0.0590 + 0.0004T (1.3) 
where S is the nitrogen solubility coefficient (ml gas/ml oil) and T is the 
temperature ( °C). 
1.6 SUNFLOWER OIL PROCESSING 
Sunflower oil processing aims to "produce a clean, attractive-looking and palatable 
oil by removal of all impurities which cause the oil to have an unattractive colour or 
taste ..... " (Williams, 1961). It should be stressed that the purpose of refining is not 
to produce an oil with 100% triglyceride composition, as shown by the 
specifications listed in Table 1.4. Over-refining of the product may lead to an 
increased amount of trans compounds in the oil, accompanied by increased 
processing costs (Stavrides, 1997). Furthermore, the presence of certain molecules, 
such as antioxidants and vitamins is desirable, since they enhance stability of the oil 
and increase its nutritional value. The following sections illustrate the various 
stages in edible oil processing, including seed oil extraction with a particular 
emphasis on steam deodorization. 
1.6.1 SEED OIL EXTRACTION 
Sunflower oil extraction involves delivery of the vegetable spore containing heads, 
cleaning, peeling, preSSing and/or extraction (Dimoulas, 1981; Figure 1.12). 
Initially, foreign matter such as leaves, soil, dust, stones, foreign bodies are 
removed, followed by peeling and cracking for the separation of the oil-bearing 
endosperms from the woody shell (Balatsouras, 1992). Peeling is followed by 
sieving for the removal of the shells. Peeled sunflower seeds have an oil content of 
35-45% (Norris, 1983b; Langstraat, 1976). 
During the next step, cooking (thermal treatment) of the seeds at about 85°C 
results in the reduction of moisture content of the oil, destruction of bacteria and 
protein coagulation for easier separation (Norris, 1983b; Dimoulas, 1981; Davie and 
Vincent, 1980). The final stage in sunflower oil extraction is recovery of the oil by 
preSSing and/or extraction. During pressing, the raw material is subjected to 
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elevated pressures in mechanical or hydraulic presses, causing the oil to leave 
the tissue. Thereafter, the oil is allowed to stand in order to separate it from 
solid matter. 
Table 1.4 Codex Alimentarius (2nd Edition, 1993) versus General Chemistry State 
Laboratory of Greece (1995) Specifications for Sunflower oil (source: General 
Chemistry State Laboratory of Greece, 1995) 
Codex Alimentarius State Chemistry Board 
(International) (Greece) 
Property Values 
Iodine Number (Wijs) 110-143 120-134 
Saponification Number (mg KOH/g oil) 188-194 -
Saponifiables (%) 
- <0.015 
Unsaponifiables (g/kg oil) <15 -
Acidity (% of oleic acid) 
-
<0.30 
Fatty acids (C<14) <0.4 -
Myristic acid (%) (C14:0) <0.5 <0.1 
Palmitic acid (%) (C16:0) 3-10 5-8 
Palmitoleic acid (%) (C16:1) <1.0 0.1-0.4 
Stearic acid (%) (C18:0) 1 - 10 3.3-6.9 
Oleic acid (%) (C18:1) 14-35 18.7-37.4 
Linoleic acid (%) (C18:2) 55-75 51.6-68.0 
Linolenic acid (%) (C18:3) <0.3 0.2-1.4 
Arachidic acid (%) (C20:0) <1.5 0.2-0.3 
Eicosenoic acid (%) (C20:1) <0.5 -
Behenic acid (%) (C22:0) <1.0 0.5-1.1 
Lignoceric acid (%) (C24:0) <0.5 
-
Erucic acid (%) (C22:11 <0.5 
-
Tetracosenoic acid (%) (C24:1) <0.5 
-
Cholesterol (% of sterol fraction)* 
- -
Campesterol (% of sterol fraction)* 
- <0.5 
Stigmasterol (% of sterol fraction)* 
- < 9-13 
~7-campesterol (% of sterol fraction)* - 8-13.5 
l3-sitosterol (% of sterol fraction)* - 1-3 
Note: * sterol fraction in mg/Kg oil 59-67.5 
Pressing is followed by filtration and storage of the crude oil. Solvent 
extraction involves dissolving the oily matter in the minimum possible amount of 
an organiC solvent (usually hexane) and subsequent distillation for the removal of 
the solvent. Although solvent extraction alone can be used for oil recovery, the 
combination of the two methods is more economical (Davie and Vincent, 1980). The 
maximum efficiency of the cold pressing method is 38%, whereas that of solvent 
extraction is 45% (Balatsouras, 1992). 
Many sunflower oil manufacturers issue specifications for crude oil which defines 
the starting point for processing. For example, Elais S.A. purchases the crude oil 
either directly from extraction plants or from major traders who themselves have 
stores of crude oils of varying specifications (Stavrides, 1997). 
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Figure 1.12 Stages of sunflower oil extraction 
~=jJ-~sp~o~re=5~_i~11 Removed foreign matter 
Crude oil r---+ 
1.6.2 SUNFLOWER OIL REFINING 
With the exception of virgin olive oil, all commercial oils need to be refined prior to 
their use for edible purposes (Heliopoulos, 1991; Kiritsakis, 1988). Other oils, 
including sunflower oil, originate from plant parts which are dry compared to the 
'juicy' olives. In such cases, cold pressing will only remove a small proportion of the 
oil. The remaining oil has to be extracted by other means, involving physical or 
chemical methods. Sunflower oil refining is accomplished either by chemical 
(caustic) or physical processes (Mag, 1994). Caustic refining involves degumming, 
neutralization, bleaching and deodorization of the oil; neutralization is omitted in 
the physical process (Morris, 1980). Recently, a new membrane technology 
has been developed which claims to remove impurities from solvent extracted oils 
in a single step (Koseoglu, 1997). Pilot-scale testing on cottonseed oil has shown 
that removal of 100% phosphatides, 80-85% free fatty acids and most of the 
pigments is possible. It is believed that this membrane process will eliminate the 
need for acid treatment for phospholipids, caustic refining for free fatty acids and 
steam deodorization. In addition, this process may result in reduced energy costs 
and bleaching clay requirements. 
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1.6.2.1 CHEMICAL OR CAUSTIC REFINING 
(a) Degumming 
Degumming is the removal of gums i.e. phosphatides, sugars, proteins and 
some colouring matter from the oil. Prior to degumming, phosphatides are 
hydrated by addition of hot water (2-3% w/w of oil) or aqueous salt solution and 
agitated at 30-80oC (Norris, 1983a; Williams, 1961). Degumming takes place in 
centrifuges, where gums being heavier that the oil, will separate. For oils with a 
low gum content a concentrated acid (e.g. phosphoric acid) is used to cause 
agglomeration of the gums. These are adsorbed on bleaching earth at a 
subsequent stage. Sunflower oil with a high gum content is treated with citric acid 
and flocculating agents to remove non-hydratable phosphatides (Norris, 1983a; 
Leibovitz and Ruckenstein, 1981). Leibovitz and Ruckenstein (1981) claimed that 
this method produces an oil with a low phosphorous content (2-3 ppm maximum). 
Recently, a new process based on a polyethylene membrane separation at 30 bar 
and 40°C has been reported to remove 96% of phosphatides from soybean oil with 
substantial energy savings (Subramanian and Nakajima, 1997). 
(b) Neutralization or Deacidification 
Neutralization or deacidification removes free fatty acids from the oil. The oil is 
treated with a sodium hydroxide (caustic soda) or sodium carbonate solution; free 
fatty acids are converted to their' salts (soap) and precipitate as such 
(Norris, 1983a). Depending on free fatty acid content of the oil, different 
manufacturers use temperatures in the range of 60-90oC and differing 
concentrations of alkali (Williams, 1961). Deacidification may remove or destroy 
part of the oil's natural antioxidants necessitating the addition of artificial 
antioxidants (Sullivan, 1976). 
Fo"owing neutralization, washing with hot water removes the remaining soap. Then 
the oil is allowed to stand or is centrifuged in order to separate oil and water. The 
remaining oil is subjected to vacuum at 80-85°C for moisture release to produce a 
dry product (Williams, 1961). 
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Figure 1.13 Stages of sunflower oil Chemical Refining 
Crude oil 
Impurities 
Gums 
Marketed oil 
(c) Bleaching 
Bleaching removes colouring matter and oxidation products and increases the 
taste stability of the oil (Heliopoulos, 1991; Williams, 1961). In addition, bleaching 
will remove residual soaps, chelated metals, sulphur compounds, peroxides and 
their decomposition products (aldehydes, ketones) (Norris, 1983c). Bleaching 
involves heating of the oil (Cowan, 1976) under vacuum at 80-85°C in a mixture of 
adsorptive and inert matter (e.g. clay) which is added at the oil temperature. 
This treatment reduces the content of trace metals and heat-sensitive colouring 
materials such as j3-carotene (Morris, 1980). Bleaching is followed by cake filtration 
where bleaching earth with a nominal particle size of 150 Jlm acts as the filtration 
bed (Stavrides, 1997). The resulting product is a clean, light coloured oil. Spent 
bleaching clays can be potentially deoiled by extraction with a solvent such as 
hexane or supercritical carbon dioxide and regenerated by acid and heat treatment 
(Ng et ai, 1997). 
(d) Deodorization 
This stage of refining has been discussed fully in section 1.6.2.3. 
(e) Other stages 
An essential stage in oil refining is either winterization or dewaxing for the removal 
of linear alcohol esters (waxes). Winterization is used for oils containing small 
24 
amounts of solid fats «700 ppm) and involves heating of the oil in order to melt the 
waxes, followed by controlled cooling for the precipitation of large crystals and 
finally, filtration of the oil (Cowan, 1976). Addition of diatomous earth in the filtration 
step has been reported (Athanassiadis, 1984). The cloudy appearance of sunflower 
oil upon cooling is attributable to wax precipitation (Stavrides, 1997). Dewaxing is 
used for wax contents in excess of 700 ppm. It can be achieved by cooling, with 
or without the addition of chemicals such as sodium lauryl sulphate or phosphoric 
acid. This is followed by centrifugation or filtration (Thomas, 1985; Athanassiadis, 
1984). Catalytic hydrogenation or hardening is sometimes used prior to or after 
deodorization for oils which are used in the manufacture of margarine or baking 
fats (Norris, 1983e; Williams, 1961). 
1.6.2.2 PHYSICAL REFINING STAGES OF SUNFLOWER OIL 
PURIFICATION AT ELAIS, S.A. (Greece) 
Physical refining gives higher product yields than caustic refining. Increased 
efficiency by combining deacidification/deodorization, lower oil losses, higher heat 
recovery, lower running costs, ease of operation and reduced labour costs are 
some advantages associated with this process. Based on operating costs and oil 
losses, it is estimated that physical refining gives a saving of 3.5 U.S.D.lton of oil. 
This can increase to 7 U.S.D.lton if the oil is super-degummed (Athanassiadis, 
1984). Waste disposal problems are also eliminated because of reduction in acidic 
effluent (Morris, 1980; Carlson, 1979). It is believed that physical refining cannot 
completely replace caustic refining because in certain cases, such as when the free 
fatty acid concentrations are high, the efficiency of steam refining is limited 
(Carlson, 1979; Gavin, 1978). The stages of sunflower oil refining at Elais are 
shown in Figure 1.14. 
(a) Super-Degumming 
Crude sunflower oil is selected by Elais, with an average phosphorous content of 
200-300 ppm. The oil is heated to 65-75°C using steam as the heating medium. At 
this point, citric acid solution is added to the oil at a concentration of 0.15-0.25% 
w/w, followed by mixing in a high shear mixer. The mixture is admitted to a resting 
vessel in order to allow time for the conversion of gums (mainly phosphatides) to 
their hydratable equivalents for easier separation. This is followed by cooling to 20-
30°C, followed by addition of 1-3% w/w water and mixing in a static mixer. Another 
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resting period is allowed for hydration of the gums. The oil is centrifuged for the 
removal of the phosphoglycerides. The resulting oil contains less than 15 ppm 
phosphorous. This process reduces the amount of acid and activated earth used 
compared with degumming processes that are carried out at higher temperatures 
i.e. in the order of 70cC (Athanassiadis, 1984). 
Figure 1.14 Physical Refining stages of sunflower oil purification at Elais, S.A., 
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In the next stage, moisture is removed by drying of the heated oil (60-80oC) in a 
spray drier operated under vacuum (50-100 mbar pressure). Next, the oil is cooled 
down to 30-50oC and held in a holding tank. Super-degumming is a continuous 
process with a product yield of 98%. The oil is sampled every two hours for 
phosphorous analysis. 
(b) Two-Step Bleaching 
From the holding tank, 22 ton batches of oil are periodically transferred to the 
bleaching vessel where acid-activated bentonite (bleaching earth) is used in a two 
step process of agglomeration and adsorption to remove colouring matter. The first 
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step involves the addition of citric acid and water at 80-100oC with subsequent 
addition of bentonite at the same temperature. After agglomeration, the second 
stage commences with the application of vacuum (80-120 mbar) in order to remove 
water. Bleaching is followed by filtration at 80-100oC in a vertical bleaching earth 
leaf filter. Yield of oil is 99%. The semi-processed oil is finally stored in a holding 
tank. 
1.6.2.3 DEODORIZATION 
Deodorization can be either an intermediate or a final stage in sunflower oil 
refining. The purpose is to remove or reduce to untraceable concentrations, 
odoriferous and off-flavour compounds. These compounds, even when present at 
concentrations of 1-10 ppm can result in undesirable oil properties (Athanassiadis, 
1991; Gavin, 1981). Metal traces (e.g. iron) may darken the colour of the oil during 
distillation whilst heat-bleaching of j3-carotene may produce colourless compounds 
which can reduce oil stability. Compounds responsible for off-taste and flavour are 
believed to be volatile peroxides, aldehydes, ketones, terpenoid and aliphatic 
hydrocarbons and free fatty acids (Gavin, 1978; Williams, 1961; Jasperson and 
Jones, 1947). Deodorization takes place under high vacuum, at high 
temperatures with simultaneous steam injection for stirring and stripping. The 
process is feasible because the undesirable components are more volatile than the 
triglycerides (Dudrow, 1983). In fact, odoriferous and taste-bearing components 
have similar vapour pressures to free fatty acids, thus free fatty acid removal is an 
indication of successful deodorization. 
An understanding of the physical properties of the volatile matter and process 
conditions is very important. The process depends on the type and quality of the 
oil, since the concentration of the various components will be different. It must be 
stressed that pretreatment of the oil that is fed to the deodorizer/stripper is very 
important; physical refining will not produce a good oil from a poor quality feed 
(Cvengros, 1995). The oil produced should also be stable with respect to taste. 
Table 1.5 shows that the composition of semi-processed sunflower oil changes in 
free fatty acid content, peroxide value, colour and odour after deodorization. 
Typical values of operating parameters for deodorization are 240-250oC, 2-5 mbar 
and 7-10 m3 steam/Kg of oil (Elais, S.A., 1997). High temperatures are used for 
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volatilization of undesirable components. Vacuum is used to protect the oil 
against atmospheric oxidation, to prevent hydrolysis by steam and to reduce 
the total requirement of steam (Dudrow, 1983; Gavin and Berger, 1974; Williams, 
1961). Steam is used for heating of the oil, for deodorization and agitation (open 
or live steam) and raising of vacuum (motive steam) (Elais S.A., 1997). Uniform 
dispersion of live steam in the oil is very important. Steam expands under vacuum. 
At the surface steam attains its maximum specific volume due to minimum pressure 
and in this region steam-oil contact area is maximized. Uniform agitation is 
necessary to maximize oil contact with steam. In practice it has been shown that 
contact areas of 300,000 m2/Kg steam can be achieved at 40 recirculations per 
batch of oil (Athanassiadis, 1991). 
Table 1.5 Sunflower oil composition before and after deodorization (source: Elais 
SA, 1997) 
Constituent Semi-processed Steam Deodorized 
Sunflower oil Sunflower oil 
FFA (%) 1-2.5 < 0.1 
PV (meq/Kg) 5-15 0 
K2Z0 1.5 -2.5 NA 
Trans fatty acids (%) < 0.5 < 1 
Phosphorus, (ppm) <5 <5 
Iron (ppm) < 0.1 < 0.1 
Nickel (ppm) NA 0.1 
Copper (ppm) NA 0.01 
Tocopherols (ppm) NA >450 
Moisture (%) NA <0.05 
Blue Colour Transmission (%) 65-75 >80 
Odour seedy fresh, bland 
Dirt - paper test positive negative 
Symbols: NA- values are not available; FFA - free fatty aCids; PV - peroxide value; Kz70 - extinction factor for 
absorption at 270 nm (high values denote oil adulteration ) 
Most processes are operated semi-continuously; alternatives are batch or 
continuous processing. Semi-continuous operation is the most common mode of 
operation due to its flexibility and it occurs in three stages (Dudrow, 1983; Norris, 
1983d): 
(i) deaeration and gradual heating of the oil to the deodorization temperature 
(ii) deodorization at defined temperature, pressure and oil residence times 
(iii) COOling and heat recovery. 
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Deodorization equipment are vertical, closed, cylindrical vessels with dished ends, 
constructed from mild or stainless steel (Dudrow, 1983) and equipped with closed 
steam coils for heating of the oil (Young, 1980; Williams, 1961) (Figure 1.15). 
Deodorization steam is distributed directly into the oil by a spider arrangement of 
perforated pipes. This open steam (2-3% w/w of oil per hour) should be dry and free 
of oxygen (Norris, 1985). To ensure that the steam is free of oxygen, a reductive 
salt such as sodium sulphite is added in the steam boiler. This salt also protects the 
boiler from corrosion (Stavrides, 1997). A diaphragm and a dehumidifier are 
installed in the open steam line: the temperature and pressure of the steam before 
the diaphragm are 202°C and 18 bar, respectively. After passage through the 
diaphragm, the open steam expands adiabatically with a reduction in pressure down 
to 2 bar. The whole process is under vacuum which is achieved by a combination 
of ejectors and augmentor or booster. These are connected to the deodorizer as 
follows: deodorizer-ejector-condenser-booster-condenser-vacuum pump (Williams, 
1961). Reference to vacuum systems is made in section 1.7. Martinenghi (1967) 
attributed inefficient deodorization to short contact times and to the presence of air 
in both oil and steam. It was decided to replace steam jet ejectors with vacuum 
pumps in conjunction with freezing traps to collect volatile condensable vapours. 
The deodorizing column is also usually installed with a catch pot to prevent 
vapour entrained oil from leaving the deodorizer (Young, 1980). Carry-over or 
losses of oil at high and low gas flow rates can be avoided by the implementation 
of U-shaped tubing in the vacuum line (Sarkadi, 1958). Care is taken to avoid 
contact with air (e.g. air leaks), thus deodorizer equipment have welded 
connections, and regular checks are implemented (Dudrow, 1983). The deodorizer 
design should achieve high efficiency in conjunction with low oil residence times so 
as to minimize undesirable reactions in the oil at high temperatures (Athanassiadis, 
1984). 
Volatiles usually have free fatty acid content in excess of 90%. After deodorization 
these volatiles collect in a distillate recovery system. Here the distillate is 
condensed and odours are eliminated in a packed absorption tower with the aid of 
chemicals (Gavin, 1978). Elais (1997) uses recycled cooled fatty acids for 
condensing the distillate. The deodorized oil is cooled in the heat recovery unit 
where it firstly releases heat to new deodorizer feed and secondly it releases heat 
to circulating water (Gavin, 1977a, b). Addition of 10 ppm aqueous solution of citric 
acid to the deodorized oil aids in deactivation of prooxidant metal traces. Acid 
addition is recommended at temperatures below 150°C so as to avoid its thermal 
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Figure 1.15 Diagrams of a Single Shell Deodorizer* and a Deodorizer Tray ** 
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*reproduced with kind permission of the American 011 Chemists' Society. Original source: Edible 011 deodorizing systems by AM 
Gavin In Journal of the American 011 Chemists' SocIety, vol. 54, November 19n, p 530 
** reproduced with kind permission of deSmet Engineering, Belgium 
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Figure 1.16 Steam Deodorization (reproduced with kind permission of the American Oil Chemists' Society*) 
1: Feed Filter; 2: Vacuum Deaerator; 3: Heat Recovery Section in Deodorizer; 4: Heating Section; 5: Polishing Filters; 6:Antioxidant 
addition;7: Nitrogen Injection; 8: Mixing; 9: High Temperature Heating System; 10: Vacuum System; 11: Distillate Recovery Tower; 12: 
Distillate Cooler; 13: Tempered Water Tank 
*original source: Edible oil deodorizing systems by A M Gavin in Journal of the American Oil Chemists' Society, vol. 54, November 1977, p 530) 
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decomposition (Miyakoshi and Komoda, 1978). 
Two main effects occur during the deodorization process: 
• chemical breakdown of some substances due to high temperatures (e.g. 180-
270°C), for example heat-bleaching of coloured carotenes, decomposition of 
hydroperoxides and hydrolysis of triglycerides to fatty acids (Maza et at, 1992), 
• physical mass transfer of volatile compounds from the heated oil into the carrier 
gas i.e. steam. This process is referred to as steam stripping (Gavin, 1978). 
Chemical breakdown results in partially decomposed oxidized fatty acids, 
carotenes and hydroperoxides; soaps are hydrolysed to free fatty acids; highly 
unsaturated fatty acids may be subjected to polymerization and cis-trans 
isomerization. Chemical effects are generally undesirable but are unavoidable due 
to high temperature operation. Stripping by steam may also remove sterols, 
tocopherols and other antioxidants, pesticides, polycyclic aromatic hydrocarbons 
(PAH) and monoglycerides. It will also entirely or almost entirely remove volatile 
odoriferous substances and methyl/ethyl esters (Elais, 1997). Generally, stripping 
depends on the process temperature and pressure, the volatility of the 
undesirable materials, the amount of steam used, contact time, deodorizer design 
and oil quality (Young, 1980; Zehnder, 1976; Gavin and Berger, 1974). Usual 
operating pressures for deodorization are in the range of 1-8 mbar. Very low 
pressures reduce deodorization time and the amount of steam required. However, 
this is at the expense of increased operating costs due to the need for high vacuum 
operation (Norris, 1983d; Gavin, 1978; Zehnder, 1976). Operating temperatures 
vary from 170-274°C. Steam flow rate depends on the operating temperature 
and pressure and on the free fatty acid content of the oil (Morris, 1980). The 
flow rate should not be excessive if mechanical entrainment of the oil is to be 
avoided (Dudrow, 1983). Steam consumptions reported are in the range of 5-15% 
and 1-5% w/w of oil for batch and semi-continuous/continuous processes, 
respectively (Zehnder, 1976). Contact time depends on the temperature, pressure 
and steam flow rate. Contact times for industrial scale deodorizers vary from 3 to 
12 hours depending on the efficiency of the equipment, type and origin of the oil, 
supplier, previous treatment and total oil quantity (Athanassiadis, 1991; Dudrow, 
1983). 
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Economic considerations also play an important part in decisions related to choice 
of operating conditions used by oil producers (Gavin, 1981). Edible oil companies 
select equipment and operating/process parameters to accommodate other factors 
such as storage facilities, oil output, space availability, frequency of feed changes, 
etc. Deodorization at high temperatures for prolonged times can be detrimental to 
oil quality (Guemueskesen and Cakaloz, 1992; Scovene and Braun, 1988). 
Generally, European companies prefer lower temperatures and higher contact 
times, compared with American edible oil producers who use higher temperatures 
and shorter contact times (Norris, 1983d; Young, 1980; Zehnder, 1976). European 
producers are particularly concerned about minimizing transformation reactions, 
such as formation of trans-isomers of free fatty acids which are predominant at 
high temperatures (Ahmed, 1997; Dudrow, 1983). Lower temperatures also result in 
products with better stability with respect to oxidation (Gavin, 1978). 
Deodorization also results in oil loss due to hydrolysis by steam and due to 
entrainment in the exit vapours (NorriS, 1985; Dudrow, 1983). Efficiency of 
deodorization or vaporization (E) is a measure of the ability of steam to become 
saturated with free fatty acids as it passes through the oil (Gavin, 1978). It is 
dependent on the concentration of free fatty acid components and for a batch 
process is defined as 
E = P.xo·ln(V'; ~V2) 
f.xs·Pv 
or (1.4a) 
(1.4b) 
where xs, >Co are the numbers of moles of steam and oil respectively; P is the 
operating pressure, Pv· is the vapour pressure of the pure volatile component; V1, 
V2 are the initial and final concentrations of the volatile material in the oil and f is 
the activity coefficient, since the solutions are non-ideal. K is an experimental 
constant, equal to f.E. Values for E range from 0.7-0.9. For continuous processing, 
the situation is somewhat different (Gavin,1978) 
(1.5) 
K' is a constant for operating conditions. In summary, as the operating 
temperature and the vapour pressures of the volatile components increase, the 
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number of moles of free fatty acid in the oil decreases. Low operating pressures or 
high ratios of steam to oil (xs/Xo) have the same effect (Gavin, 1978). Results have 
shown that lower oil levels minimize hydrolysis. Higher oil levels increase the 
average hydraulic pressure of the oil on the injected steam bubbles (Gavin, 1981). 
The deodorized oil should have a bland taste, and zero peroxide value (Gavin, 
1977a). A decrease in free fatty acid content to 0.02-0.04% is considered 
acceptable (Morris, 1980; Gavin and Berger, 1974; Williams, 1961). Free fatty acid 
Reduction Factor (FFARF) is the ratio of the initial to the final free fatty acid 
content of the oil. FFARF depends on the type of the oil and its previous processing 
history. A high quality oil can not be produced by deodorization from a poor feed. 
Another measure, Total Oxidation Index or Totox is an empirical measure of 
peroxides (peroxide value or Index, PV) and secondary oxidation products 
(anisidine value, AV) (Sullivan, 1976) 
Totox = (2PV) + AV .$ 4 for good quality oil (1.6 ) 
Another measure is benzidine value (BV) which gives the content of a- and 13-
unsaturated carbonyls in the oil. BV is linearly proportional to the peroxide value 
and for pressed and extracted sunflower oil it is defined as (Ostric-Matijasevic et aI, 
1974) 
BV = O.94PV + 8.49 (1.7) 
where PV is the peroxide value before deodorization. 
In conclusion, deodorization is a steam distillation process used for the removal of 
undesirable constituents from edible oils (Zehnder, 1976). Steam refining is a more 
economic process than caustic soda treatment. Good quality oil is produced, oil 
losses are reduced and pollution is minimized. Sunflower oil has a free fatty acid 
content of 1-2.5%. According to Leibovitz and Ruckenstein (1981), steam refining is 
most commonly used for oils with a free fatty acid content, of up to 6%. For free 
fatty acid concentrations greater than 6%, chemical refining should be used 
(Stavrides, 1997). 
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(a) Review of Steam Deodorization: 1951 to date 
A review of work conducted by various investigators over a 40 year period is 
presented in this section. Sarkadi (1958) reported that at 180°C and pressure of 
13 mbar, shallow oil layers had sufficient time of contact with steam bubbles for 
sufficient saturation. They found that the efficiency of deodorization decreased with 
decreasing steam flow rates and decreasing operating pressures. At pressures 
lower than 13 mbar, less heat was supplied to the top of the vessel by the steam, 
and hence volatiles condensed and returned back into the oil. In addition, heat loss 
contributed to lowering of temperature in the top parts of the deodorizer. Immersion 
of the vessel top in a heating bath gave very high efficiencies for removal of 
volatiles. Steam distribution depends on the type of sparger. A 14-hole, 0.5 mm 
diameter sparger gave a good steam distribution. This is consistent with increased 
mass transfer due to smaller bubble sizes and increased surface area. 
Martinenghi (1967) used vacuum pumps and volatile traps in a laboratory scale 
deodorizer operating at 0.7 mbar, 175-240oC, 20-60 min contact times and steam 
flow rates of 2.8-3.5 g/h, i.e. 1 % w/w of oil. Reduction of free fatty acid content 
from 8.5% to 0.02% was achieved. Steam savings, low oil losses and reduced 
oxidation and polymerization of the oil were reported. The laboratory results were 
so promising, that a 50 ton/day capacity plant was constructed for operation under 
similar conditions. 
Deodorizers are constructed either as single or double shell contactors. Gavin and 
Berger (1974) designed a single shell deodorizer for use in lower capacity edible oil 
refineries, which they claimed produced a similar quality product to a double shell 
type and was cheaper to operate in small plants i.e. 25-150 m3 production/day. The 
double shell deodorizer consists of seven stainless steel vessels inside a carbon 
steel shell, all parts operating under vacuum. The steam from the vessels enters the 
shell with final destination to the vacuum system via a single outlet. The top of each 
vessel is equipped with a wire mesh separator to remove entrained oil from steam. 
Volatiles, steam and some entrained oil drain to the bottom of the shell and are 
removed periodically. Both the single and double shell deodorizers operate on a 
similar prinCiple. The inclusion of a second shell necessitates certain design 
changes which enable safe and efficient operation at larger scales. Most companies 
operate in semi-continuous or continuous modes. Batch operation is simple; 
however the utilities and operational costs are very high. Batch processing is 
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preferable for companies that have to produce a variety of oils (Gavin, 1978). 
Deodorizers are constructed from stainless steel 304 or 318, because traces of iron 
or copper can act as catalysts for undesirable reactions (Gavin, 1977a). 
Dowtherm (trademark by Dow Chemical) has been used as a heat transfer medium 
for both single and double shell deodorizers. Dowtherm is a less expensive 
alternative to steam; however its use is limited, due to claims of oil contamination by 
this compound (Morris, 1980; Zehnder, 1976). Other heat transfer methods include 
Thermex (ICI; Anon, 1973), Therminol (Mosanto) and a direct fired heater (DFH) 
for deodorization, developed by Kuroda and Young (1989) which utilizes burning 
fuel for heating of the edible oil flowing inside tubes. Elais and other companies do 
not recommend use of heat transfer agents other than steam (Stavrides, 1997; 
Mag, 1994). Oil producers have to comply with strict environmental regulations. 
This has resulted in the design and construction of various sophisticated odour 
control devices (Gilbert and Tandy, 1979; Gavin, 1978). This topic is outside the 
scope of this review. 
Different manufacturers of deodorization equipment e.g. Lurgi (Germany); EMI 
(U.S.A.); deSmet (Belgium); H.L.S. (Israel) offer various designs. Edible oil 
producers have the problem of selecting the most suitable type for their needs 
(Zehnder, 1976). Mazzoni (Italy) offers a deodorizer with a mechanical vacuum 
system together with refrigerating pre-condensers. Parkson Corporation (U.S.A.) 
claim that their unique, high-surface to volume ratio, continuous deodorizer, gives 
high mass transfer rates and reduces refining time to seconds. They also claim 
better product yields, reduced oil hydrolysis, high heat recovery and lower 
installation costs. Cambrian Engineering Group (Canada) manufactures a 
continuous horizontal vessel with one tray for all deodorization steps; the oil moves 
continuously as a thin film. According to the company, similar advantages to the 
Parkson contactor can be expected (Zehnder, 1976). Leibovitz and Ruckenstein 
(1981) designed a system for continuous or semi-continuous operation that 
recovered 80% of the heat and used 1.2-1.5% w/w of oil stripping steam. Uniform 
steam distribution was achieved by means of a large number of holes (1000-3000 
per tray) which covered the whole area of the tray. Low oil levels (300 mm) 
maintained hydrostatic oil pressures to a minimum. These investigators, used wet 
degummed sunflower oil with an initial free fatty acid content of 0.9% and 
phosphorous content of 137 ppm. They managed to produce an oil with free fatty 
acid and phosphorous values of 0.03% and 0.8 ppm, respectively. 
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(b) Modified Deodorization technology 
Deodorization causes some unavoidable side-effects, namely, decomposition of 
remaining phosphatides to phosphorous which will affect the colour of the oil, 
dimerization/isomerization (formation of trans-isomers) and partial inter-
esterification reactions which have an adverse effect on the physical properties of 
the oil. Partial removal of vitamin E or tocopherols (about 15% loss at 235°C) is a 
highly undesirable side-effect (Dudrow, 1983). In view of this, a substantial amount 
of research during the past decade has been directed towards finding alternative 
ways of deodorizing. 
i) Biorefining: 
Biorefining is the deacidification of vegetable oils by esterification, catalyzed by the 
enzyme lipase. Biorefining combined with bleaching, alkali-refining and 
deodorization or physical refining can produce very good results for high acidity 
edible oils as compared to physical refining alone (Sengupta and Bhattacharyya, 
1992). Biorefining reduced the free fatty acid content from 24.5% to 3.8% and this 
was further reduced by alkali refining or physical refining. The combination of 
biorefining and alkali refining resulted in low content of unsaponifiable matter and 
excellent colour, flavour and odour characteristics. The combination of biorefining 
and physical refining reduced oil losses but not the colour of the oil. Physical 
refining alone deacidified (from 24.5% to 0.3% free fatty acids) and deodorized the 
oil but there was a lower reduction in unsaponifiable matter and colour and oil 
losses were high. 
ii) High Temperature Deodorization: 
Steam stripping is carried out at very high temperatures (277°C-343°C) for short 
residence times (5 to 900 seconds) at 0.06-6 mbar operating pressures and a ratio 
of stripping steam to oil of 0.05 to 9.7. This method reduces side reactions such as 
polymerization, cis-trans isomerization and hydrolysis (Scovene and Braun, 1988). 
In another high temperature process, vacuum stripping of undesirable components 
was carried out stagewise in a series of high temperature isothermal stations 
(Rivers, 1990). A thin film of oil flowed downward through each section under 
vacuum. A radiation device was used to excite the volatile components at each 
stage. The volatiles were obtained in a pure form from each station. Steam was only 
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used in the final stage for the removal of peroxides and hydroperoxides. The 
scaleability of this process is questionable. 
iii) Low Temperature Deodorization: 
Current research is mainly directed towards the use of low deodorization 
temperatures and use of alternative stripping agents. Recently, the possibility of 
using supercritical carbon dioxide (SC-C02) as an alternative to steam has been 
considered. Although efficient deodorization with near-critical CO2 (dense) was 
achieved at 47°C and 200 bar, it is not known whether heat bleaching of the 
carotenoids and taste stability of the oil could be achieved via this method (Ziegler 
and Liaw, 1993). Maheshwari et al (1992) considered the solubility of various pure 
fatty acids in SC-C02 and suggested that their separation from triglycerides may be 
possible at temperatures between 40 and 60°C at carbon dioxide densities lower 
than 700 kg/m3• Higher extraction efficiencies were shown at increased 
temperatures. However, their results are not conclusive because they had used 
pure fatty acids and further research was recommended with 'real' oil mixtures. 
Similar observations were made by Bondioli et al (1992) for SC-C02 refining of low 
quality olive oil. It was found that oil injection in the middle of a column at 130 bar 
pressure and temperature gradient of 50-30°C (top to bottom) reduced the free 
fatty acid concentration substantially from 1.73-0.20% and from 3.38-0.38% in two 
different oil samples. The use of temperature gradients resulted in lower oil losses. 
The oil produced had similar characteristics to the traditionally refined oils. This 
method offers the advantage of low degradation of natural components. However 
high production costs limit its potential. 
(c) Nitrogen Gas Stripping 
A novel refining process which forms the subject of this PhD thesis is Nitrogen Gas 
Stripping. Nitrogen is used for deaeration during oil storage and for transportation 
as a nitrogen blanket (Takashina et aI, 1994; Scovene and Braun, 1988; Gavin, 
1977b). It also offers protection of oil against oxidation. A recommended use for 
nitrogen gas has been its incorporation as a cooling medium in the heat recovery 
section of the deodorization unit (Cheng et aI, 1994). Sparging or injection of the 
gas, would achieve uniform cooling of the deodorized oil and serve to remove 
moisture from the oil and offer protection against air oxidation. 
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Nitrogen has been used for refining of sunflower oil. It served as a multi-functional 
agent for heating, agitation, stabilization, deaeration and stripping. Nitrogen 
deodorization at 230°C, pressure of 1.3 mbar and 3.4 Nm3/ton of oil produced a 
good quality sunflower oil with respect to peroxide value and stability (Cheng et aI, 
1994). Nitrogen deodorization of bleached soybean oil in a packed column has 
been strongly recommended because it produced a comparable quality oil to the 
steam deodorized product (Krishnamaurthy et aI, 1992). In this patent the following 
specifications were recommended: jacketed deodorization vessel with height to 
diameter ratio of 3-40, packing surface area of 98-1970 m2/m3, operating 
temperatures of 160-280oC, operating pressures of 69-690 mbar, pure nitrogen 
gas flow rate of 0.4-9.4 m3/h, countercurrent oil flow at 1-12 kg/h and residence 
times ranging from 5 minutes to 2 hours. The column packing could be either 
stainless steel mesh wire, rings, porcelain or other inert material. Although 
emphasis was placed on the importance of using a fine wire sparging mesh to 
create small bubbles and achieve good dispersion of the gas, there were no specific 
details of the sparging system, for example porosity size, number of holes, etc. 
The method is recommended for other vegetable oils of the oleic-linoleic acid or 
linolenic acid classes and for oils of animal origin. Nitrogen gas leaving the top of 
the deodorizer should pass through a condenser for condensation of vapours and 
subsequently through an absorber before discharge to the atmosphere or recycling 
to the deodorizer. 
Cvengros (1995) carried out nitrogen deodorization of cold-pressed, degummed, 
winterized and bleached sunflower oil in a vacuum operated thin film evaporator at 
200-250oC, 0.001-0.1 mbar to avoid chemical changes in the oil by high 
temperatures and high exposure times. The film thickness of the oil was 0.1-1 mm. 
The oil was exposed to temperatures of 20-40oC less than deodorization 
temperature for a few seconds. The final oil had a mild residual flavour of the initial 
oil; free fatty acids were reduced from 0.98 to 0.08%, peroxide value from 1.56 to 
0.17 and phosphorous from 41 to 12 ppm. The refined oil has regulatory clearance 
for use in parenteral preparations. The process is also recommended for solvent 
extracted oil. 
Graciani Constante et al (1994) attempted to optimize nitrogen deodorization for 
purification of sunflower oil in a 63 cm diameter contactor, operated under similar 
conditions to steam refining processes i.e. temperatures in the range of 250-
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260°C; 4.5-8 mbar pressure; nitrogen gas flow rates of 1.4-2.3 m3/ton of oil.h; oil 
level 400-500 mm. The sparging system comprising a 37 cm diameter loop with 80 
holes at 45° angles to the vertical and situated at a height of 10 cm from the vessel 
base was very efficient. It was found that the overall efficiency of the process and 
overall oil stability depended on temperature and gas flow rate. Free fatty acid 
removal and peroxide values depended on gas flow rates; p-anisidine values 
depended on temperature, whereas Totox value and tocopherol removal were 
independent of temperature, gas flow rate or oil level. Tocopherol loss was 15-23% 
up to 4 hours; after this it was dependent on temperature. Maximum efficiency was 
achieved within 1.5 to 4 hours. The colour of the oil remained unchanged. It was 
also recommended to increase gas flow rate and not temperature to achieve free 
fatty acid removal. The following equation was obtained for process optimization 
(1.8) 
where E1-2 is the efficiency of deodorization between times 1 and 2, Ph is the 
vapour pressure at the head of the deodorizer (mm Hg), Pe is the mean vapour 
pressure of fatty acids (mm Hg), Xg and Xc are the numbers of moles of stripping 
gas and oil, respectively and C1 and C2 are the numbers of moles of free fatty acids 
at times 1 and 2, respectively. The amount of nitrogen required, ON. (m\ can be 
estimated by the following equation 
QNz = 0.16W'~(C; -q+O.29In~)-(C1-q) 
E. p C2 
(1.9) 
where E is the efficiency of deodorization, W' is the quantity of oil (ton), p is the 
vapour pressure of fatty acids (mm Hg), C1' and C2' are the degrees of acidity in 
the oil before and after deodorization. 
Ruiz-Mendez et al (1996) compared the performance of steam and nitrogen in 
removing free fatty acids from sunflower oil. Stripping was carried out at 260°C for 
3 hours at pressures of 3 mbar using steam and nitrogen gas flow rates of 2%/h 
and 0.3%/h for 700 g of oil. The sparging device was a glass frit with 1 Jlm pore size 
and a vacuum pump was used to maintain the required pressure. Efficiency of free 
fatty acid removal was higher when nitrogen gas was used and the deodorizer 
distillate contained lower amounts of triglycerides and unsaponifiable matter. In 
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addition, lower amounts of nitrogen as compared to steam were required to produce 
oils with similar characteristics. 
Nitrogen gas of high purity has been used by Pinheiro and deCarvalho (1994), for 
stripping of pentane gas from sunflower oil at high vacuum and low temperatures. 
At operating pressures of 3, 10 and 1000 (atmospheric) mbar and 25°C, using an 
oil heightdiameter ratio of 2:1 and nitrogen gas flow rates of 5x10-5 m3/s, the 
pentane gas was successfully stripped out of sunflower oil. Nitrogen gas was 
sparged continuously through one 1 mm diameter orifice for 1 h. Stripping 
efficiency was unaffected by the oil level but it was proportional to the 
operating pressure. Smaller bubbles were formed at lower operating pressures and 
these resulted in higher mass transfer rates close to the orifice. The bubbles 
expanded as they ascended due to decreased hydrostatic pressure. The implication 
of this was that mass transfer equilibrium was not achieved. The efficiency of mass 
transfer between the two phases decreased proportionally with the operating 
pressure. 
A summary of studies on Nitrogen gas stripping of edible oils is presented in Table 
1.6 overleaf. It is clear that Nitrogen gas stripping is a viable process for reduction 
in the amount of free fatty acids and other undesirable components in edible oils. 
For low molecular weight components such as pentane, Nitrogen stripping can be 
used at temperatures as low as 25°C. However, where volatilization of larger 
molecular species is required, Nitrogen stripping needs to be carried out at 
temperatures in excess of 160°C. Nitrogen stripping at low operating pressures is 
also desirable. Compared with steam deodorization, Nitrogen gas stripping 
offers numerous advantages (Table 1.7). However, the cost of nitrogen gas as an 
alternative to steam may prohibit its use in industrial scale contactors. 
1.7 VACUUM OPERATION 
Operation under vacuum is common practice in the food industry. It finds application 
in food processing for example for concentrating foodstuff, drying, filtration, 
deodorization, deaeration and packaging (Watt, 1965). By operating under vacuum 
lower temperatures can be used, thus minimizing the risk of destruction of heat 
sensitive food components. The basic components of a vacuum system are one or 
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Table 1.6 Nitrogen Gas Stripping of edible oils 
Author or Use of Operating conditions! Oil quality! 
Patent Nitrogen! Deodorizer design Advantages 
Oil type 
Cvengros, 1995 Stripping T=200-250u C 1.Mild residual flavour 
Deacidification P=0.001-0.1 mbar 2. High free fatty acid reduction 
Oil type: Oil film thickness=0.1-1 mm 3.Good peroxide value 
rapeseed, 4. Good ~hos~horous reduction 
sunflower, Vacuum operated wiped-film 1. Minimal exposure of oil to high 
castor evaporator temperatures 
Vacuum achieved by two 2. Oil temperature in film 20-400 C 
vacuum pumps lower than deodorization 
temperature 
Graciani Constante Stripping T=250-260v C 1. Similar to steam 
eta/,1994 Deacidification P=3.5-6 mm Hg 2. Time dependent thennolysis of 
Oil type: (4.6-7.9 mbag fatty acids and change in 
sunflower QN~1.4-2.3 m Iton.h composition of tri~ycerides in f3-
hgil=4O-SO ern position at T>220 C 
Loop sparger with 80 orifices at 3. No change in colour 
450 angle to the vertical. Loop 1. Tocopherol loss: 15-23% 
diameter =37 ern in 63 ern 
diameter column. Distance of 
sparger=10 em from vessel 
base. 
Vacuum achieved by vacuum 
pumps 
Cheng et aI, 1994 Cooling medium Nitrogen gas injection or 1. Moisture removal 
during heat sparging 2. Protection from oxidation 
recovery in 1. Unifonn cooling 
deodorizer 
Oil type: 
sunflower, 
vegetable oils in 
general, 
animal origin 
Cheng et aI, 1994 Heating T=230v C; 1. Good peroxide value 
Agitation P=1.3 mbar; 2. Good stability 
Stabilization QN2=3.4 Nm,j/ton oil 
Deaeration 
Stripping 
Oil type: 
see above 
Krishnamaurthy et Deaeration T=160-280"'C Similar to steam deodorized 
a/,1992 Deodorization P=68.9-689 mbar 
Oil type: QN2=0.4-9.4 m,jlh 
soybean, Qoil=1-12 KgIh 
other oleic-iinoleic t=5-120 min 
types, Jacketed, packed column 
linolenic types, Height:diameter=3-40 
animal origin Packing surface area= 
98.6-1970 mL/m,j 
Ruiz-Mendez et aI, Stripping T=260"'C Similar to steam deodorized 
1996 Deodorization P=3 mbar Higher efficiency than steam 
~: QN,=0.3%/h Reduction in the amount of 
sunflower Oil amount=700 g stripping gas required 
t=180 min 
Sparger: glass frit 1 Ilm pore 
size 
Pinheiro and Stripping of T=25u C -
decarvalho, 1994 pentane gas from P=3, 10, 1000 mbar Pentane removal achieved 
sunflower oil QN,=5x1o-3 m3/s at operating 
Oil type: pressure 
sunflower t=1h 
Gas distributor=1x1 mm 
Oil height:diameter=2:1 
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Table 1.7 Comparison of Nitrogen Gas Stripping with Steam Deodorization 
Method Advantages Disadvantages 
Steam 1. High product yields 
Deodorization 2. High efficiency 
High 
Temperature 
Nitrogen Gas 
Stripping 
Low 
Temperature 
Nitrogen Gas 
Stripping 
3. High heat recovery 
4. Low running costs 
5. Ease of operation 
6. Low labour costs 
7. Minimum waste disposal problems 
1. High product yields 
2. High efficiency 
3. High heat recovery 
4. Ease of operation 
5. Low labour costs 
6. Minimum waste disposal problems 
7. Moisture removal from the oil 
8. Protection against oxidation 
1. High product yields 
2. High efficiency 
3. High heat recovery 
4. Low running costs 
5. Ease of operation 
6. Low labour costs 
7. Minimum waste disposal problems 
8. Moisture removal from the oil 
9. Protection against oxidation 
10. Elimination of side-reactions 
11. Non-destruction of vitamins 
1.Decomposition of phosphatides to 
phosphorous and colour alteration 
2. Side-reactions :Dimerization, 
Isomerization, Partial 
interesterification 
3. Partial removal of vitamins 
1. Cost of Nitrogen gas 
(unless it can be efficient at low gas 
flow rates) 
1. Cost of Nitrogen gas 
(unless it can be efficient at low gas 
flow rates) 
more pumps, a cold trap, a vacuum vessel and a pressure gauge. All parts of a 
vacuum system are characterized by conductances which, similar to electrical 
circuits, give a measure of the resistance of gas flow in the system. 
1.7.1 VACUUM PUMPS 
The basic function of a vacuum pump is to remove most of the air from a system 
such that a desirable below-atmospheric operating pressure is attained within 
a reasonable time (van Atta, 1965; Pacey, 1965). The pressure difference in a 
vacuum system is the mechanism that causes gas to flow from a high pressure 
area to the low pressure area (Ward and Bunn, 1967). In static systems, gas 
evolution is minimal which means there are no air leaks and outgassing is 
negligible. In kinetic systems, the flow of gas is considerable because leaks and 
outgassing rates need to be taken into consideration, in addition to perhaps 
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continuous introduction of gas from a source (Pirani and Yarwood, 1961). Such 
systems require high pumping speeds. 
Selection of a vacuum pump depends on the design and operating requirements of 
the system. Important factors in pump selection are the desired operating pressure, 
pumping speed, rate of gas flow i.e. outgassing rate, air leaks, etc. For high 
vacuum requirements where a single stage pump may not be sufficient, the use of 
a multistage vacuum pumping system may be necessary. The inlet pump pressure 
is that of the system; the outlet pressure is atmospheric. In many cases, a roughing 
pump is used to achieve a forepressure i.e. a pressure lower than the final required 
operating pressure, and to ensure safe operation of the vacuum system. Roughing 
pumps are usually oil-sealed rotary pumps. Positive displacement mechanical 
booster pumps and molecular drag pumps are generally used as second stage 
pumps, backed by a roughing pump. 
Oil-sealed rotary vane pumps contain an eccentric cylinder (rotor) which rotates 
inside a hollow, cylindrical casing (stator) (Ward and Bunn, 1967; Lewin, 1965; van 
Atta, 1965; Turnbull and Riviere, 1962; Figure 1.17). The rotor is a steel cylinder 
mounted on a driving shaft passing through one of the cover plates. A reciprocating 
vane that is mounted on the rotor and is in contact with the stator isolates the 
suction and discharge ports i.e. entrance and exit provisions. Entrance of gas is 
direct whereas the exit or exhaust port is closed by a valve. At each revolution a 
specific quantity of entering gas is isolated at the system pressure and its volume 
increases whereas the pressure decreases. Then the gas is compressed i.e. its 
volume decreases and pressure increases. Finally, when the pressure is sufficiently 
high, the exhaust valve opens and the gas is released to the atmosphere. A sealant 
fluid is used to submerge the rotor and stator and the final pressure depends on the 
quality of this fluid (Power, 1965). When water is used as a sealant, ultimate 
pressures of 200 mbar and 30 mbar can be achieved in single stage and two stage 
pumps, respectively. When a low vapour pressure fluid such as oil is used, lower 
pressures can be achieved (van Atta, 1965). The fluid serves to seal and lubricate 
the clearances between moving parts. If sealing is not proper, gas from the 
compression section re-enters the inlet section and affects the performance of the 
pump. Movement of the sealant fluid aids in transportation of gas bubbles to the 
exhaust port and high compression ratios are achieved, particularly at low inlet 
pressures. 
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Exhaust port 1 '--___ ~ Gas inlet 
Exhaus 
+---~~---4r----f--- Rotor 
~ __ ~-r~~ __ ~ ____ V,ane 
Stator -t---t+ 
Sealant oil 
Figure 1.17 Oil-sealed rotary vane vacuum pump (reproduced with kind permission 
of Butterworths from Introduction to the theory and practice of high vacuum 
technology by L Ward and J P Bunn, 1967, London) 
At low inlet pressures there is a dead volume between the exhaust valve and the 
vane. In the presence of sufficient amounts of sealant oil, the dead volume is filled 
with oil and as the vane moves, both oil and gas bubbles are forced through the 
exhaust valve. In the presence of high amounts of oil, efficiency is reduced because 
the oil occupies a volume that should have been occupied by the gas. Pump 
performance can be impaired by two factors (van Atta, 1965): 
1. entrainment of gas in the pump, the volume of which is added to the volume that 
the pump has to displace, 
2. contamination of sealant fluid due to condensation of incoming vapours by 
compression. These are usually produced during operation of the system due to 
volatilization of components of the fluid present in the vacuum vessel. 
Formation of aggregates or sludge in contaminated sealant fluid adversely 
affects sealing and flow properties of this fluid. In addition, possible expansion 
of the condensed vapours during re-evaporation limit pump capacity. 
Deterioration of the sealant fluid may even reduce pumping rate to such an 
extent that pumping will be no longer effective (Power, 1965). 
This problem can be resolved by a number of actions: 
• installation by the pump manufacturer of a gas ballast i.e. a control valve, on the 
high pressure side of the pump that serves to admit air into the pump during the 
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compression cycle. As a result the pressure increases, the exhaust valve opens, 
excessive compression of the gas is avoided and condensation of the incoming 
vapours is prevented. The gas ballast opens when the pressure in the pump, i.e. 
the sum of the gas mixture pressure plus the tension of the spring in the ballast 
is less than the atmospheric pressure (Power, 1965). The spring tension can be 
fine tuned. A gas ballast is effective for all vapours with the exception of vapours 
which dissolve in the sealant fluid. The use of a ballast in a single stage valve 
affects its performance and limits the final achievable pressure. Introduction of air 
causes the outlet (exhaust) valve to open sooner and this causes a reduction in 
the compression ratio for the vapours. In a two-stage pump, the gas ballast is 
installed in the second stage and the final pressure is affected to a much lesser 
extent. 
• maintaining the pump at a high temperature to avoid condensation of volatiles, 
so that these will be exhausted with the main or else permanent gas, 
• purification and recirculation of sealant oil, 
• installation of condensers and/or vapour traps between the vacuum vessel and 
vacuum pump. These are kept at a low temperature to enable condensation of 
vapours. Liquid nitrogen or solid carbon dioxide are the most common cooling 
materials. Alternatively, traps containing reagents that may react with the vapour 
or adsorptive matter for physical removal of contaminants may be used. In the 
first instance, it is very difficult to identify the various species in the vapour in 
order to use the correct reagent; in the second case the adsorptive matter will 
require periodic replacement. 
It is very important to ensure that the contacts between the vane and the stator and 
rotor are intact by excluding the presence of abrasive materials or corrosive gases 
during operation of the pump and storage of pump components during maintenance 
(Ward and Bunn, 1967). When the pump is switched off it is possible that oil will 
flow into the vacuum vessel, if the latter is kept at low pressure. This is avoided by 
opening the pump to the atmosphere as soon as it is switched off. This necessitates 
the installation of a manually or automatically operated valve immediately above the 
pump to admit air at the break of pump operation. Multistage oil sealed rotary-vane 
vacuum pumps are capable of achieving pressures as low as 10-3 or even 10-4 
mbar. In the case of two-stage pumps, i.e. two pumps connected in series with the 
outlet of the first stage as the inlet to the second stage, mounted as one unit with 
the same driving shaft or separately, the first pump has a low compression ratio and 
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chances of re-entry of gas in the inlet chamber are reduced (Ward and Bunn, 1967). 
Disadvantages in using this type of pump are due to low rotational speeds caused 
by the viscous drag of the sealant fluid. 
The use of a lubricant can be eliminated in positive displacement pumps. These 
consist of a hollow cylindrical stator which houses two impellers that rotate at the 
same speed in opposite directions (Ward and Bunn, 1967; Lewin, 1965; van Atta, 
1965; Turnbull and Riviere, 1962). The inlet and exhaust ports are diametrically 
opposite. Such pumps are capable of operating at high rotational speeds due to the 
larger clearances between the moving parts and produce high 
displacement/pumping speeds. Limitations are the requirements for low pressure 
ratios and a tendency to overheat due to the absence of a sealant in the basic 
design to redistribute the heat generated throughout the pump. Upon overheating 
the rotors may expand to exceed the available clearances and the pump will be 
damaged. Modified designs are available where oil or water circulation aid to 
overcome the problem. In addition, efficiency of compression is lower than the 
efficiency of oil sealed pumps due to a back flow of gas from the exhaust region and 
mixing with the incoming gas. These pumps are very satisfactory as first stage 
pumps in a multistage system. 
Molecular drag pumps operate on the principle of imparting momentum to gas 
molecules in the direction of flow (van Atta, 1965). The high rotating velocity of a 
cylinder causes gas motion from one side of the pump to the other and results in a 
pressure differential between the two ports. The relative values of the two pressures 
depend on the rotational speed of the rotor and the type of gas flow. The passage 
of gas from inlet to outlet is prevented by an obstruction. Advantages include high 
compression ratio, short start-up times. Disadvantages include low pumping speed, 
large size and complex design. Vapour diffusion pumps are capable of achieving 
pressures lower than mechanical pumps i.e. in the order of 1 x1 0-5 mbar (Ward and 
Bunn, 1967; Lewin, 1965). The principle is similar to that which applies to molecular 
pumps. High speed vapour molecules of a low vapour pressure, high molecular 
weight compound such as hydrocarbon or silicone oil or mercury are used to 
provide the momentum for the movement of molecules. 
Other types of vacuum pumps are vapour jet or booster pumps which are very 
common in the edible oil industry (Ward and Bunn, 1967; van Atta, 1965). They are 
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economical, particularly where water and steam availability is not restricted, easy to 
maintain because they have no moving parts and are capable of achieving vacuum 
pressures lower than 1.3 mbar. These consist of a steam chest, a nozzle where the 
steam forms a jet, an inlet port and a mixing chamber where the steam entrains 
incoming gas, a diffuser where the jet carries the entrained gas and a discharge 
port. The steam goes through a series of compression and expansion stages and 
its velocity changes accordingly. The high velocity of steam in the nozzle is 
accompanied by a pressure drop. In the mixing chamber, the high velocity steam 
entrains incoming air from the vacuum vessel and carries it to the diffuser. At the 
diffuser, there is conversion of kinetic energy to pressure which reaches 
atmospheric before discharge (Turnbull and Riviere, 1962). For a single-stage 
ejector the compreSSion ratio is 7: 1. Steam ejectors are preferably used as 
multistage systems. Water condensers are installed between stages to decrease 
the load of vapour on the last stage. For a seven-stage system pressures as low as 
10-3 mbar can be achieved. Vapour jet pumps are capable of handling large 
throughputs at low costs compared to mechanical pumps (Ward and Bunn, 1967). 
The throughput and discharge pressure increase with increasing inlet pressure, 
such that above a critical value the jet collapses and gas and steam flow back into 
the system. Flow can be controlled by the use of needle valves between the vessel 
and the steam ejector. The main disadvantage is that steam ejectors are designed 
for a particular application and cannot be used efficiently for applications other than 
the intended one (Power, 1965). Steam quality is very important, thus steam should 
be dry and clean to avoid blockage of passages, corrosion or erosion of the ejector 
components caused by solid or liquid particles or breaking of the jet. To eliminate 
the presence of liquid droplets the steam is usually superheated. It is used at typical 
pressures of 14 bar. 
Other types of vacuum pumps include sorption pumps (where operation is based on 
saturation and pressure decrease in a vessel containing a sorbent material) and 
cryogenic pumps (where pressure reduction is caused by condensation of gases 
on a cooled surface). Sorption pumps are capable of delivering final pressures of 
0.01 mbar; however, their use as secondary pumps will result in lower pressures. 
Cryogenic pumps are used for pressures less than 0.01 mbar. Nevertheless, the 
review of such systems is beyond the scope of this literature search. Excellent 
reviews are given in Ward and Bunn (1967); Lewin (1965); van Atta (1965); Turnbull 
and Riviere (1962); Pirani and Yarwood (1961). 
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1.7.2 PRESSURE MEASUREMENT 
Instruments for pressure measurement are either of the direct or indirect type. In 
the first, pressure is balanced by a mechanical force such as the elastic 
deformation of a specially designed component. In the second type, measure-
ments are based on the variation with pressure of a physical property of a material 
such as thermal conductivity. Direct type instruments include the capsule gauge 
and the diaphragm gauge. Capsule gauges operate by the application of pressure 
on the outside of an evacuated capsule or the inside of the sensing capsule. 
Diaphragm gauges operate by the application of pressure on a thin metal 
diaphragm which forms part of a bridge circuit. Upon application of a voltage the 
electrostatic force produced during pressure variation is converted to pressure 
readings. Indirect type instruments include the Pirani gauge and the ion gauge. The 
Pirani gauge measures thermal conductivity of an electrically heated filament. The 
ion gauge operation is based on ionization of the gas stream by a stream of 
electrons and relates the degree of ionization to pressure. Pressure measurement 
systems have been reviewed by Kay (1965) and Pirani and Yarwood (1961). 
Although these citations are quite old, they may serve as a guide to the basic 
principles of operation of pressure measurement instruments. 
1.7.3 FLOW MEASUREMENT 
Flow measurement is one of the most difficult tasks in systems operating under 
vacuum (Kay, 1965). Variable area flowmeters such as those used for flow 
measurements in atmospheric pressure operations can be used. A gas flowmeter 
or rotameter measures directly the gas flow which is given by the position of a float 
that is placed in a vertical tube of variable diameter. The movement of the float 
depends on the density and velocity of the gas and problems may be caused by the 
high gas velocities in the annulus between the float and the flowmeter tube. The 
pipe organ consists of a series of tubes inverted in a container of low vapour 
pressure liquid, e.g. oil. Orifice plates or venturis can be used at pressures as low 
as 5 mbar. A knowledge of the differential pressure and the pressure upstream of 
the insert is necessary. Calibrated orifices are used for large flow rates. The rate of 
flow (dV/dt, cm3/s) depends on the diameter of the orifice, temperature, average 
molecular weight and the gas pressure upstream from the orifice (van Atta, 1965) 
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dVidt = 4904c(TIMg) 112. do 2 (1.10) 
where T is temperature (oC), Mg is average molecular weight of gas, c is orifice 
coefficient with a general value of 1 and do is diameter of the orifice (cm). Mass 
flowmeters measure the rate of heat transfer away from a heated filament by the 
gas stream; this depends on the rate of mass flow of the gas. 
1.8 METHODS OF OIL ANALYSIS 
The analysis of edible oils forms an essential part of the manufacturing process 
both in the selection of crude oils, and as a means of controlling the refining 
procedure by characterization of intermediary and final products. In the latter case, 
analysis is primarily carried out to determine oil acidity, peroxide value, 
phosphorous content, colour and possibly taste and odour of the final product. The 
techniques used have been practiced for many years and there have been few 
modifications of old methods. New equipment which allows rapid analysis and 
easier handling by the operator have been developed. New rapid technologies offer 
high sensitivity, preciSion and enable detailed characterization of edible oils. Thin 
Layer Chromatography (TLC), Gas Chromatography (GC), Liquid Chromatography 
(LC), High Performance Liquid Chromatography (HPLC), Mass Spectrometry (MS), 
and Nuclear Magnetic Resonance (NMR) are used for separation and analysis of 
components such as glycerides, waxes, sterols, tocopherols, alcohols, pesticides 
and other constituents either naturally present or formed during the processing of 
edible oils. 
This section deals with the most common analytical techniques used for sunflower 
oil analysis and characterization. Emphasis is placed on official, validated methods 
issued by the European Community and some selected methods developed by 
researchers. Elais, as a rule, prefer the application of EEC methods for 
characterization of their oils (Helmis, 1997). A list of official, validated methods for 
analysis of edible oil components is shown in Table 1.8. A detailed summary of 
chromatography methods is given in Table 1.9 at the end of this section. 
(a) Analysis of Waxes 
Analysis of waxes can be accomplished by turbidimetry for determination of the total 
wax content (Moulton, 1988) and gas or gas-liquid chromatography for both 
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T bl 1 8 Offi . 1 M th d ~ 1 . f d'bl '1 t a e . ICla e o S or analysIs 0 el e 01 componen S 
Component Organization Method Reference 
I. WAXES European Economic L22158 Official EEC Methods of 
Community (EEC) Analysis, 1993 
II.GL YCERIDES European Economic L248/29 Official EEC Methods of 
Community (EEC) Analysis, 1991 
International Union of II.C.7 Standard Methods for the 
Pure and Applied Analysis of Oils, Fats and 
Chemistry (IUPAC) Soaps, 1974 
III. FREE FATTY European Economic L248/6 Official EEC Methods of 
ACIDS Community (EEC) Analysis, 1991 
International Union of 11.0.1 Standard Methods for the 
Pure and Applied Analysis of Oils, Fats and 
Chemistry (IUPAC) Soaps, 1974 
American Oil Chemists' Ca 5a-40 The Recommended and 
Society (AOCS) Tentative Methods of the 
American Oil Chemists' Society, 
1991 
Stazione Sperimentale NGO Method: Norme Grassi e Oerivati, 1976 
Oli e Grassi (SSOG) C10-1976 
Stazione Sperimentale Une Norm Norme Grassi e Oerivati, 1976 
Oli e Grassi (SSOG) 55079;55011 
IV. TRANS FATTY Stazione Sperirnentale Une Norm Norme Grassi e Oerivati, 1976 
ACIDS Oli e Grassi (SSOG) 22032 
V.PEROXIDES European Economic L248/8 Official EEC Methods of 
Community (EEC) Analysis, 1991 
American Oil Chemists' Cd 8-53 The Recommended and 
Society (AOCS) Tentative Methods of the 
American Oil Chemists' Society, 
1991 
Stazione Sperimentale Une Norm Norme Grassi e Oerivati, 1976 
Oli e Grassi (SSOG) 55023 
International Union of 11.0.13 Standard Methods for the 
Pure and Applied Analysis of Oils, Fats and 
Chemistry (IUPAC) Soa~s,1974 
VI. ANISIDINE VALUE Stazione Sperimentale Une Norm Norme Grassi e Oerivati, 1976 
ORINDEX Oli e Grassi (SSOG) 55127 
VII. BENZIDINE International Union of 11.0.15 Standard Methods for the 
VALUE Pure and Applied Analysis of Oils, Fats and 
Chemistry (IUPAC) Soaps, 1974 
VIII. COLOUR International Union of II.B.4 Standard Methods for the 
Pure and Applied Analysis of Oils, Fats and 
Chemistry (IUPAC) Soaps, 1974 
IX. STEROLS European Economic L248/15 Official EEC Methods of 
Community (EEC) Analysis, 1991 
International Union of 11.0.6 Standard Methods for the 
Pure and Applied AnalysiS of Oils, Fats and 
Chemistry (IUPAC) Soaps, 1974 
Stazione Sperirnentale Une Norm Norme Grassi e Oerivati, 1976 
Oli e Grassi (SSOG) 55019 
X.TOCOPHEROLS Stazione Sperimentale Une Norm Norme Grassi e Oerivati, 1976 
Oli e Grassi (SSOG) 55073 
XI. ALIPHATIC European Economic L248/10 Official EEC Methods of 
ALCOHOLS Community (EEC) Analysis, 1991 
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qualitative and quantitative determination of waxes (Official EEC Methods/L22158, 
1993; Artho et ai, 1993; Henon, 1986). In the past, turbidimetry methods were 
carried out at a temperature of OoC and were applicable to oils with a low wax 
content (Morrison, 1982; Brimberg and Wretensjo, 1979). Moulton (1988) 
developed a fast turbidimetry method and a correlation equation for conversion of 
instrument readings to total wax contents in sunflower oil. A sample was analyzed 
within 1 minute and the sensitivity of the method ranged between 80-3500 ppm. 
Sample readings were expressed as nephelometric turbidity units (NTU). The 
instrument was calibrated by using sunflower oil samples with known wax 
concentrations in the range of 0-4800 ppm. The oil total wax content was 
calculated by using the following linear regression equation 
Wax concentration, x (ppm)= 40.1 + 39.2 x NTU (1.11 ) 
The method is simple, applicable to oils with high wax contents and gives a good 
correlation coefficient and good reproducibility of results. This is not an official EEC 
recommended method. 
Capillary Gas Chromatography is an official EEC method (Official EEC Methodsl 
L22/58, 1993) used for the analysis of wax fractions that have been separated from 
other components such as triglycerides by silica gel column chromatography. Full 
details of the separation and analysis are described in the same EEC document and 
summarized in Table 1.9. Generally, for wax identification, recorded elution times 
are compared with those of known wax standards, analyzed under like conditions. 
For quantitative determination, the peak areas of internal standards and aliphatic 
esters with C40-C46 are evaluated and the concentration of each wax ester in the 
oil sample is calculated using the following equation 
Concentration of ester or wax, x = Ax· ws·1 00 
~.w 
(1.12) 
where x is the concentration of the wax ester (mg/Kg of oil sample), Ax is the 
area under the peak of wax (cm2), As is the area under the peak of standard 
(cm2), Ws is the weight of added standard (mg) and w is the weight of sample 
used (g). The total ester loading in the oil is then calculated by summing the 
individual values of each ester. 
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Henon (1986) analyzed refined sunflower oil to determine wax impurities using gas 
chromatography with silica and silver nitrate columns and a mixture of petroleum 
ether and chloroform as the mobile phase. Artho et al (1993) succeeded in 
devising a direct, on-line, Liquid-Gas Chromatography method for analysis of a 
number of minor edible oil components. In this method, silylation of the oil sample 
was carried out firstly (instead of the more common esterifiCation method). Gas 
chromatography was carried out in three consecutive columns (Table 1.9). In 
addition to waxes, this method also detects sterols, tocopherols, aliphatic alcohols. 
Advantages offered by this technique are short manual preparation times (5 
minutes), analysis of a large number of samples per person each day (about 20) 
and more information compared to previous methods. 
(b) Analysis of Glycerides and Polar Constituents 
Determination of triglycerides and polar constituents is used to characterize the 
identity of various edible oils. Polar constituents may be present in the original oil 
sample and they may also be formed by changes that occur during heating of the 
oil. The term "polar" includes monoglycerides, diglycerides, free fatty acids, 
glyceride dimers and polymers. The term "nonpolar" applies to unchanged 
triglycerides. The most common method for determination of triglycerides is HPLC, 
as shown in Table 1.9. This is also the recommended method by EEC. Herrera et al 
(1991) fractionated hydrogenated sunflower oil and analyzed the separated 
fractions for triglycerides by HPLC using acetone and acetonitrile as the solvent. 
Various methods available for polar constituent analyses allow evaluation of the 
total quantity of polar compounds or identification of individual molecules (Sanchez-
Muniz et aI, 1993; Arroyo et aI, 1992; Waltking and Wessels, 1981). The method 
used for evaluation of total amount of polar compounds is based on column 
chromatography on silica gel for separation of polar and nonpolar components. The 
concentration is calculated by the following equation (Waltking and Wessels, 1981) 
w-w Polar compounds, % = 1 x100 (1.13) 
w 
where w is the oil sample weight (g) and W1 is the nonpolar fraction weight (g). 
For identification, polar and nonpolar compounds need to be separated first; then 
isolated polar fractiQns are analyzed by High Performance Size Exclusion 
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Chromatography (HPSEC; Table 1.9). The above methodology enabled Arroyo et 
al (1992) and Sanchez-Muniz et al (1993) to identify triglyceride dimers and 
polymers, oxidized triglycerides and diglycerides in polar fractions of oils used for 
frying. 
(c) Analysis of Free Fatty Acids 
Free fatty acids affect the smoke, fire and flash points of refined oils. In addition, 
free fatty acid content of edible oils is a measure of the efficiency of refining, 
especially during the deodorization/deacidification stages. High temperatures during 
deodorization are responsible for the formation of trans isomers of free fatty acids 
which are undesirable because they are suspected of contributing to disorders that 
cause heart problems (Ahmed, 1997). Therefore, evaluation of free fatty acid 
composition of edible oils is very important. Quantitative determination of free fatty 
acids is carried out either by conventional methods such as titration and 
colourimetry or by gas chromatography. Gas chromatography is also used for 
qualitative determination of free fatty acids. 
The European Community has issued a titration method (Official EEC Methods, 
L248/6, 1991) which is base" on the dissolution of a small sample of oil in a 
mixture of neutralized solvents (diethylether and ethanol) and this is titrated 
against a solution of potassium hydroxide (alkali). The amount of potassium 
hydroxide used to neutralize the free fatty acids is used to calculate acidity as a 
percentage oleic acid because 1 mole of KOH would normally neutralize 1 mole of 
oleic acid, and hence oleic acid forms the basis of standardization for expression of 
results. Therefore, 
% ·dity I· ·d V.C.M o aCI OleiC aCI =--
10.w 
(1.14) 
where V is the volume of KOH solution used in titration (ml), C is the concentration 
of KOH solution used (mol/I), M is the molar mass of oleic acid i.e. 282 g/mol, w 
is the weight of oil sample used (g). Alternatively, neutralized ethanol and sodium 
hydroxide solution can be used for dissolution and titration, respectively (Kiritsakis, 
1988). Free fatty acids can also be determined by colourimetry where the rate of 
neutralization of oil components and the reduction in the amount of free fatty acids 
is measured (Kiritsakis, 1988). A neutralized mixture of n-butanol in water is used 
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as the sample carrier and methylene red as the indicator. Change of colour by 
reaction of methylene red with free fatty acids enables their detection. 
Various chromatographic procedures have been used for free fatty acid 
characterization. One such method consists of separation of free fatty acids in an 
extraction column, methylation of free fatty acids and subsequent gas 
chromatographic analysis (Ziegler and Liaw, 1993; Table 1.9). The method enabled 
the authors to set a mass balance for free fatty acids before and after processing. 
Analytical results were in good agreement with calculated values for the distribution 
of free fatty acids between the oil and SC-C02 which was used for deacidification. 
Two alternative chromatography methods are described below: In the first method, 
oil samples are saponified, methylated and GC of the formed esters follows 
(Sanchez-Muniz et aI, 1993). The second method involves transesterification of oil 
to obtain methyl esters and subsequent gas-liquid chromatography (Herrera et aI, 
1991). The following fatty acids were determined in sunflower oil by both methods: 
C16:0, C18:0, C18:1 and C18:2. Similar detection limits were given by both 
methods. Triplicated determinations gave average standard deviations of 0.5% for 
both methods. Both methods were used for routine analyses to assess the effect of 
hydrogenation and frying, respectively on the quality of sunflower oil. 
For detection of trans fatty acids with 18 carbon atoms, a capillary column gas 
chromatography method is recommended in Italy (Norme Italiani, UNI 22032, 1976; 
Tables 1.8, 1.9). Trace amounts of fatty acids detected by this method include: 
trans-octedecenoic (T 18:1), trans, trans-octedecadienoic (TT 18:2), cis, trans- and 
trans, cis-octadecadienoic (CT and TC 18:2), trans, cis, trans-/cis, cis, trans-leis, 
trans, cis-Itrans, cis, cis-octadecatrienoic (TCT, CCT, CTC and TCC 18:3). The 
method involves preparation of methyl esters of acids prior to gas chromatography. 
Esters of trans fatty acids are qualitatively identified by their retention times as 
compared to those of the standards; for quantitative analysis, peak areas are 
calculated and percentage of total trans fatty acids is quantified. 
(d) Analysis of Oxidation products 
Low concentrations of oxidation products guarantee extended shelf lives for 
marketed oils and satisfactory quality for the customer. Primary oxidation products 
such as hydroperoxides or peroxides are decomposed by high temperatures used 
in deodorization. This gives rise to other volatile and non-volatile secondary 
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oxidation products. Volatile, secondary oxidation products are removed during 
deodorization, whereas non-volatile compounds remain in the oil affecting its 
stability. Peroxide concentrations are described by peroxide values. Non-volatile 
secondary oxidation products such as alpha and beta-unsaturated carbonyl 
compounds are described by benzidine values (Ostric-Matijasevic et ai, 1974). A 
stable oil should possess a low peroxide value and a low benzidine value. 
Generally, lower peroxide values are often associated with high benzidine values. 
The European Community recommends a method for peroxide value determination 
(Official EEC Methods/L248/8, 1991). This is a titration method that determines oil 
sample components that oxidize potassium iodide under specified conditions of 
analysis. Analysis is based on the reactions 
ROO- + 2r ~ RO- + 0-2 + 12 
12 + 2Na2S203 ~ Na2S40S + 2Nal 
Titration of liberated iodine with sodium thiosulphate results in a peroxide value or 
number (PV), which is expressed as meq of active oxygen/Kg of oil sample and is 
calculated by the following equation 
PV = 1000N.Vs 
w 
(1.15) 
where Vs and N are the volume (ml) and normality of sodium thiosulphate solution 
used in the titration and w is the weight of oil sample (g). The amount of oil sample 
used is inversely proportional to expected peroxide number. Potassium iodide 
solutions should be free of iodine and other iodine containing compounds. 
Benzidine value determination is based on the reaction of benzidine-acetate with 
high molecular weight unsaturated aldehydes (2,4 dienal and 2-enals) (IUPAC 
Method 11.0.15, 1974). Other ways of expressing the oxidation state of oil are: 
anisidine value, p-anisidine Index, Peroxide Index and Total Oxidation Index. 
Graciani Constante et al (1994) applied these methods as part of a scheme for 
assessing efficiency of a high temperature (240-265°C) nitrogen stripping process 
for sunflow~r oil. Une Norm 55127 and 55023 describe the procedures used for 
determination of p-anisidine Index and Peroxide Index (Graciani Constante et ai, 
1994). Total Oxidation Index (Totox) is calculated from the following equation 
Totox = 2 x Peroxide Index + p-anisidine Index (1.16) 
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Generally, oil samples intended for evaluation of oxidation components, should be 
stored away from light and heat in full glass bottles, sealed with glass tops. 
Reagents used should be free of oxygen by forcing through a stream of pure, dry 
inert gas such as nitrogen. 
(e) Analysis of Carotenoids and Colour 
The European Community does not propose an Official method for evaluation of 
colour. The Lovibond colour method (Graciani Constante et ai, 1994; Dimoulas, 
1981) is based on comparison between the colour of the oil sample and that of 
standard coloured glasses, Le. yellow and red. Sample cells are 154 mm long with 
19 mm Ld. and 22 mm o.d. The oil sample is filtered, placed in the cell at a level 
of 133.35 mm and the coloured glass is positioned in the spectrophotometer. A 100 
Watt blue electric light is passed through the sample and coloured glass. Light 
reflection on a magnesium carbonate piece is measured and sample colour is 
compared to that of glass. Elais, S.A., uses its own modification of this method with 
respect to operation parameters and scale, as described in section 3.2.3.3. Marty 
and Berset (1986) used Infra-red spectrophotometry for a 3% w/w mixture of a 
purified carotenoid pigment in potassium bromide to obtain a spectrum that 
confirmed the sample to contain all-trans j3-carotene. 
Melting point measurement can also be used to determine the presence of purified 
all-trans j3-carotene (Marty and Berset, 1986). Carotene is dissolved in methylene 
chloride and allowed to crystallize at room temperature. Melting pOint of the 
crystals is measured against a reference chemical, acetyl-para-aminophenol 
salicylate, which has a melting point of 191°C. A value of 180°C denotes all-trans j3-
carotene and absence of cis isomers that contribute to lowering of melting point. 
Marty and Berset (1986) also used column chromatography for purification, and 
subsequent mass spectrometry and nuclear magnetic resonance for j3-carotene 
analysis. Chromatography was used for isolation of j3-carotene in two consecutive 
alumina columns. Elution was carried out at 4°C, in the dark to avoid thermal 
degradation and photochemical reactions. UV-Vis spectrophotometry and 
comparison of the original and purified fractions showed absence of the cis isomers. 
Marty and Berset (1986) also compared Ammonia Chemical Ionization/Desorption 
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Mass Spectrometry with Electronic Impact/Double-focusing Mass Spectrometry to 
verify the presence of all-trans /3-carotene in their sample. Similar results were 
obtained using Proton or Carbon Nuclear Magnetic Resonance. 
(f) Analysis of Sterols 
Sterols are generally characterized by gas chromatography in conjunction with TLC 
or LC. Sterol and sterol derivative analysis is carried out during oil refining and is 
used to detect possible adulteration of marketed oils. Processing stages such as 
bleaching and deodorization result in the formation of dehydroxylated sterol 
derivatives (Grob et aI, 1992). 
The proposed EEC method for sterol analysis is capillary gas chromatography 
(Official EEC Methods/L248/15, 1991; Table 1.9). The method is based on 
saponification of the oil sample; separation of sterol fraction from the rest of 
unsaponifiables by silica TLC; convertion to trimethyl silyl ethers and analysiS in a 
capillary GC column. Solutions of trimethyl silyl ethers of sterols are used as 
references. Sterols are eluted in the following order: cholesterol, cholestanol, 
brassicasterol, 24-methylene-cholesterol, campesterol, campestanol, stigmasterol, 
d7-campesterol, d5,23 stigmastadienol, chlerosterol, j3-sitosterol, sitostanol, d5-
avenasterol, d5,24 stigmastadienol, d7-stigmastenol, avenasterol. For 
identification, elution times are recorded and compared with those of a trimethyl 
silyl ether mixture of sterols analyzed under like conditions. The concentrations of 
individual and total sterols are evaluated from the areas under the peaks obtained 
from the chromatography spectra. 
Artho et 81 (1993) found that a combination of LC-GC gave good separation for 
sterols (Table 1.9). Grob et 81 (1992) and Grob et al (1994) developed methods 
for analysis of sterol derivatives. Silica gel HPLC or LC was employed to isolate 
sterol and squalene derivatives from alkanes, squalene, minor components and 
glycerides. GC was then used to characterize individual sterol and squalene 
derivatives. Grob et 81 (1994) used a modified LC method where only the sterol 
fraction was transferred to GC. In the method of Grob et al (1992) fraction transfer 
took place after the elution of alkanes and before the elution of squalene since 
these molecules interfere with separation of sterol and squalene derivatives. 
Detection of sterol derivatives between 60-85 mg/kg was possible. 
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(g) Analysis of Tocopherols 
The amount of natural antioxidants such as tocopherols is used as a criterion for 
prediction of stability of edible oils. Tocopherols are destroyed during high 
temperature processing, therefore their analysis aids in assessing the nutritional 
value of the oil and possible damage caused by processing. Cliemical methods can 
be used to evaluate total sterol content. Polarographic and chromatographic 
methods are used to identify individual tocopherols. Chemical methods for total 
tocopherol content analysis are based on oxidation reactions. Specifically, analysis 
is based on chemical oxidation of phenolic groups in tocopherols by a compound 
such as ferric chloride and measurement of the resultant ferrous ions (Carpenter, 
1979). This method can only be used to analyze total tocopherols. Polarographic 
methods can measure individual tocopherols but additives used may cause 
interference and there is lack of resolution for 13- and y-tocopherols (Carpenter, 
1979). 
Combined LC-GC methods for determination of waxes can be also used to 
characterize tocopherols (Artho et ai, 1993). These methods are claimed to be as 
efficient as HPLC methods. Individual methods such as TLC, GLC and LC take a 
long time, require extensive sample preparation and there is a risk of tocopherol 
oxidation during sample handling (Artho et ai, 1993; Carpenter, 1979). 
Carpenter (1979) and Lee et al (1991) describe HPLC methods followed by UV 
absorbance detection at 295 nm for a., 13, y and 0- tocopherols (Table 1.9). Graciani 
Constante et al (1994) identified tocopherols by HPLC for investigating the 
efficiency of a high temperature nitrogen stripping process for sunflower oil. They 
found that 15-23% of total tocopherols were lost within 4 hours with the nitrogen 
stripping process. 
(h) Analysis of Aliphatic Alcohols 
Aliphatic alcohols are used to characterize edible oils. Identification of an oil 
requires information about its history, such as origin of oil, seed condition, previous 
treatment, presence of other oil types, etc. Gas chromatography methods are used 
with TLC or LC for identification of aliphatic or fatty alcohols. Gas chromatography 
in a capillary column is the official method proposed by EEC (Official EEC 
Methods/L248/10, 1991). The method is based on saponification of the oil sample 
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with 2N ethanolic solution of KOH and extraction of the unsaponifiables with ethyl 
ether. A 0.1 % eicosanol-1 solution in chloroform is used as an internal standard. 
Alcohols are separated from the unsaponifiables with silica gel TLC, then 
converted to trimethyl silyl ethers and finally analyzed in the capillary GC column 
(Table 1.9). Elution of alcohols is in the order of C20 to C28. Elution times are 
recorded and compared with those of a trimethyl silyl ether mixture of aliphatic 
alcohols, analyzed under like conditions. Grob et al (1990) applied a coupled LC-GC 
method to measure both free fatty alcohols, fatty alcohol esters, sterols and sterol 
esters. Free fatty alcohols were separated from triglycerides as esters of pivalic 
acid, whereas fatty acid esters of alcohols were separated directly (Table 1.9). 
(i) Analysis of Squalene 
Detection of isomerized squalene derivatives is used during procedures such as 
bleaching and deodorization (Grob et aI, 1992). Squalene, which finds use in 
cosmetics and as a cholesterol biosynthesis precursor, can be recovered from 
deodorization distillates by supercritical carbon dioxide (SC-C02) extraction at 150 
bar and a temperature gradient of 50-40-30oC over the extraction column (Bondioli 
et aI, 1993). Bondioli et al (1993) also employed a TLC and GLC combination for 
squalene separation and detection. The LC-GC method described by Artho et al 
(1993) can also be used to identify squalene (Table 1.9). Isomerized squalene 
derivatives can be identified by coupled LC-GC as was previously described by 
Grob et al (1992). 
0) Analysis of Volatile components and Assessment of Organoleptic 
Properties 
Volatile compounds are the degradation products of peroxides (ROOR') and 
hydroperoxides (ROOH) formed during lipid oxidation. Volatile products such as 
carbonyls are generally removed during deodorization. These compounds, even if 
present in very small amounts, are responsible for characteristic odour and taste 
properties of sunflower oil. Analysis of volatile components is a difficult task 
because they are present in low concentrations, in the order of few ppb. 
Concentration of the samples by procedures such as solvent extraction, distillation 
and adsorption onto charcoal proved to be complex, tedious and time consuming 
(Dupuy et aI, 1973). Recent specialized techniques such as those described in this 
section are based on high sensitivity equipment for identification of volatile 
constituents. 
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The method of Przybylski and Hougen (1989) is based on use of nitrogen gas and 
a specially designed equipment to collect volatiles from deodorized cottonseed and 
canola oils, from fresh oils and oils which had been previously used for frying. The 
volatile collection apparatus was a jacketed glass tube with a cover which was 
filled with oil held at 85°C. Nitrogen gas, at a rate of 80 cm3/min, was passed 
through the oil via a capillary tube. The volatiles were carried to a special chemical 
trap by a U-shaped capillary tubing. The trap, which was filled with glass beads to 
increase the residence time of the volatiles, contained 5ml of a 10% w/w aqueous 
solution of hydroxylamine hydrochloride (NH20H.HCI). In the trap, volatile carbonyl 
compounds such as hexanal, octenal, 2-hexenal, furfural, 2,4-decadienal or 2,4-
dodecadienal reacted with hydroxylamine to give oxime derivatives. Since these are 
relatively non-volatile, they remain trapped in solution. Collected volatiles were then 
analyzed by UV spectrophotometry at 200-340 nm. As expected, used oils had 
increased concentrations of volatiles. The method is simple and reproducible, does 
not require much preparatory work and gives good results with respect to high 
extinction coefficients. However, sensitivity and accuracy may be limited because 
oximes with different extinction coefficients may be represented by one peak. 
Dupuy et al (1973) used a specially designed gas chromatograph inlet and 
managed to analyze volatile components in salad oils and shortenings. The method 
is direct, fast, does not require prior concentration of samples and is capable of 
identifying volatile components at concentrations as low as 10 ppb. Packing of the 
inlet liner with volatile-free glass wool allowed slow diffusion of the oil sample and 
prevented sample weepage into the column. Using helium as the carrier gas 
volatiles were rapidly eluted at the top of the column which was programmed for 
operation at temperatures of 55-190°C (Table 1.9). The volatile compounds 
identified were pentane, pentanal, heptanal, 2-pentylfuran and nonanal. Purge and 
trap gas chromatography with a sampler interfaced with the column has been 
reported as a means of asseSSing the effects which steam deodorization brings to 
various oils (Maza et aI, 1992). Volatile compounds such as pentane, pentanal and 
decadienal were detectable at levels of 1.5-2.5 ppm. 
The term flavour evaluation is sometimes used to denote volatile compounds 
responsible for flavouring. Experienced individuals are included in a taste panel in 
order to carry out flavour evaluation studies. The European Community does not 
specify a sensory evaluation method by taste paneling for sunflower oil. A 
61 
recommended EEC method for taste and odour is used for olive oil. Panelists are 
asked to give a detailed characterization of properties such as fruitiness, stiffness, 
bitterness, acidity, etc. (Official EEC Methods/L248/49, 1991). Description of the 
method includes: equipment, room conditions, oil pre-treatment (e.g. heating), 
glassware cleaning protocol, selection of panelists, instructions to selected panelists 
prior to and during sensory evaluation. Cvengros (1995), Graciani Constante et al 
(1994) and Warner and Frankel (1985) used organoleptic evaluation to assess 
flavour of oil samples. In the method of Warner and Frankel (1985) a 15-member 
panel assessed 3 oils per sitting and member. 10 ml of oil samples in clear 50-ml 
beakers were heated to 50°C and covered with watch glass prior to testing. Warner 
and Frankel (1985), adopting a value of 1 for strong and 10 for bland oils on a 1-
10 scale, compared flavour scores obtained by taste paneling with results obtained 
by gas chromatography and found good correlation for the two methods. Sensory 
evaluation outcome is usually a score or grading scale which varies among users. 
In a method used by Maza et al (1992), oil grading was 1 for bland oil to 9 or 10 
for extremely strong organoleptic properties. 
(k) Analysis of Phosphorus 
Elais, S.A., Greece analyzes phosphorus content of oil samples by atomic 
absorption spectroscopy. The method is based on the properties of atoms to 
produce unique spectra upon absorption of radiation and subsequent transition of 
their electrons to higher energy states. It involves heating the sample in a graphite 
furnace for the conversion of molecules to the gaseous state, dissociation of the 
molecules to atoms (atomization) and analysis of the resultant absorption spectra. 
This method is described in detail in the materials and methods section (section 
3.2.3.4). 
(I) Oil ageing 
Keepability or oil stability during storage is a property of great importance because 
it characterizes the quality of marketed oils. In order to study oil ageing, oil samples 
can be stored in PVC bottles and placed in the dark, at room temperature for 
extended periods (Graciani Constante et aI, 1994). Aliquots from the ageing 
samples can be periodically removed for analysis and compared with the original 
sample. Analyses of oil stability include peroxide value, benzidine value, colour 
and/or flavour reversion (Maza et aI, 1992; Warner and Frankel, 1985). 
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IGlycerldeS 
Chromatography methods for the analysis of sunflolJller oil components 
UII sample reparallve mamous na INlalYtlca ;:tystem o~ 
Analysis I~O umn ~o_ elution .... ~o s 
Method 1~lumntype , .. ulUmn 
(~) 
IGC Il;aplllary glass 10-
TO SEPARATE WAXES or fused silica dioxide 15 
COLUMN: glass, silica gel 70-230 mesh; 
L = 30-40 em; i.d. =15 mm 
INTERNAL STANDARD: 
lauric arachidic (0.1% vlv) in hexane 
MOBILE PHASE: 
99:1 vlv hexane/ethyl ether at 2.1 ml/min 
GC Mixed silieal 
silica with 
silver nitrate 
ELUENT: 
70:30 vIv petroleum 
ether/chloroform 
INTERNAL 
STANDARD: 
hexatriacontan 
ILC (on-llneWlthGC) GC 3 COLUMNS 
1. PREPARATION: silylatlon with I. PRE-COLUMN 2 
N,O-bis trimethylsilyltrifluoroacetamide (BSTFA)I phenylmethyl-
trimethVlchlorosilane (TMCS) silylated fused 
2.PRE-SEPARATION by LC silica 
COLUMN: Silica gel packing (Spherisorb S-5-W) at 5 11m II. RETAINING 2 
L=10 em, i.d. = 2 mm PRE-COLUMN 
MOBILE PHASE: 
hexane/methyl tert buM ether a\ 200 Ili/min III.SEPARATION 11 
3. TRANSFER of 800 III to GC at 105 C 
• ........ un ........ HPLC ELUENT: 0.3 
acetone/acetonitrile 
1:2 vlvat 1.1 mllmin 
INTERNAL 
STANDARD: 
tripalmitinltristearin 
in chloroform 
n IUN 10 acetone or 1: 1 acetone-cnloroform HPLC Stainless steel 0.25 
ELUENT: 
acetonitrile/acetone 
INTERNAL 
STANDARD: 
triglyceride mixture 
",eTerence 
'utRllClor 
I.D. packing/ nJ8Ctlon T IGas (mm) CoatIng rC) 
0.25- I uq. SE-1)4 I~Old IProgram. IH2 It-lame It:t:l;, 
I 
0.32 0.1-O.3/1m 80-340 20-35cm1s ionization L22158 
350·C 1993 
I 
Henon, I 1988 
I 
, 
Program. H2 Artho etal, 
0.32 None 105-360 1 mllmin 1993 I 
I 
0.32 Apolar I 
stationary 
0.12/1m 
0.25 SE-54 + 
! 
OV-61 
0.15/1m 
4 Room UV Herrera et aI, 
temp. 210nm 1991 I 
I 
I 
4.5 Silica dioxide Program. EEC, 
5mm L248129 
1991 
:-r"."!!'7"'-
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,-onsUluenl lUll samp e -ntpanRJve metnoas 'mal _a!)'llcal ;:OYSlem aeums IKererence 
AnalYsIs .v.w .. .., .IIIU "'UUUII 
Method ,-olumntype \A)lumn I LlllttHaOr 
L 1.0. Il'8cKlngJ nJectlOn r~) Gas (m) (mm) CoatIng 
IPolar JTlON iGlass, silica gel u.40 21 1~lIIcagel IArroyo er al , 
compounds SOLVENT: 87:13 vlvor 90:10 vlv petroleum etherl CHROM. ELUENT: 1992 
diethyl ether 1 : 1 vlv chloroform/ 
methanl 
1 __ ' Ilun DY :sILI\,;A GEL TLC HPSEC 2 columns in series 0.25 7 45 Refractive Arroyo et ai, 
PLATES: 20 cmx20 emxO.5 mm, grade 60 MOBILE PHASE: Index 1992 
SOLVENT :87:13 vlv hexaneldiethyl ether tetrahydrofurane at Sanchez-Muniz 
DEVELOPMENT :80:20:1 vlvlv hexanel 1 mllmin etal, 1993 
OIetnylemer/acetJc &CICI 
Ifreeratty , ... ~"""" .. un In CAl KAI.i IIUN GC Fused silica 30 0.53 Supelcowax-10 on-column Isothermal He Flame Ziegler and 
acids SOLVENT: hexane capillary 0.5 pm 200 ionization Liaw, 
COLUMN: Arninopropyl bonded solid phase 220·C 1993 
INTERNAL STANDARD: 
lpentadecanoic acid 
~ IA:. Me II I1'LATION wren memallOl 11. IIUN Wlm NaUH (0.0 NJ GC Stainless steel Supelcopo 250 C Program. N2 Flame Sanchez-Muniz 
2.METHYLATION 2330 on 170-240 30 mllmin ionization et aI, 1993 
3.EXTRACTION with hexane Chromosorb 300·C Arroyo et ai, 
WAW 1992 
; lruvot .. c<> I c",lrl\,;AIIUN wlm 3:1 vlv GLC STANDARD: 1.7 3 Supelcopo 250 C Isothermal N2 Herrera et aI, 
methanollbenzene and 3% wlv sulphuric acid acid mixture 2330 on 188 20mllmin 1991 
Chromosorb 
WAW 
Trans fatty I METHYLATION ana neutralization II GC Glass or fused 50 0.25- ICyano- 250·C Program. He or H2 Flame Une Norm 
acids acidity of oil >3% silica capillary 0.32 propyl 150-200 1.2 mllmin ionization 22032, 
STANDARDS: silicone 260- 1976 
methyl esters of 0.1-0.3 pm 280·C 
cis and trans acids 
SOLVENT: hexane 
\';arotenolClS , .. ·._ ... r .. ' MS 1.MS Marty and 
to Isolate p-c:arotene (ammonia) Berset, 
2 COLUMNS: alumina; d=3 em; T=4·C, dark 2.MS 1986 
ELUENT: 90:10 vlv hexaneldiethyl ether; (el.impact) 
70:30 vlv hexaneldiethyl ether 3.NMR 
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lUll sample ~ ,g.-.,.uye memoas 'lnal IAnalYtlca -~ystem aetells 
Analysis 1(,;0 umn .-no-elUtIOn c-onamons 
Method I\;olumn type [COramn 
T 1.0. PaCKing/ 
(m) (mm) coating 
Ilun with 2N KOH IGC Glass or l'UseO sllica ~ 0.25- ,=-:uor t>4 
2.EXTRACTION with ethylelher capillary 0.32 O. 1-0.3 11m 
3. SEPARATION of sterol fraction by TLC 
PLATES: 20 emx20 emxO.25 mm silica gel 
SOLVENT: 65:35 vIv hexane/ethylether 
4~ SIL YLATION to trimethyl silyl ethers 
with 9:3:1 vIvIv p)'ridinelhexamethyldisilazane/ 
trimethylchlorosilane 
IL\;!On-lInewltn.GC) ~seewaxes) GC 3 COLUMNS 
1.PREPARATION by sllylatlon I. PRE-COLUMN 2 0.32 None 
N.O-bis trimethylsilyltriftuoroacetamide (BSTFA)t phenytmethyl-
trimethvtchlorosilane (TMCS) silytated fused 
2. PRE-SEPARATION by LC silica 
COLUMN: silica gel packing (Spherisorb S-5-W) at 5 ~m II. RETAINING 2 0.32 Apolar 
L=10 em. i.d. = 2 mm PRE-COLUMN stationary 
MOBILE PHASE: 0.12 11m 
hexane/methyl tert butyl ether at 200 ~lImin III.SEPARATION 11 0.25 SE-54 + 
3. TRANSFER of 800 ~I to GC at 105 C OV-61 
u. 70 11m 
1. HPLC to Isolate sterol denYatlYes GC 3 COLUMNS 
COLUMN: Silica gel packing (Spherisorb S-5-W); I. PRE-COLUMN 2.5 0.32 None 
L=10 cm; d=2 or 5 mm II. RETAINING 2.5 0.32 
ELUENT: PRE-COLUMN 
hexane at 400 ~lImin III.SEPARATION 25 0.32 Methyl silicone 
STANDARD: n-triacontane 0.211m 
z. o ouu ~I to liC at 11 O-C 
LC (on·llne with GC) GC 3 COLUMNS 
1.LC I. PRE·COLUMN 2.5 0.32 None 
COLUMN: Silica gel packing (Spherisorb S-5-W) II. RETAINING 2.5 0.32 
L=1Ocm; D= 2 or 5 mm PRE·COLUMN 
ELUENT: III.SEPARATION 25 0.32 Methyl silicone 
hexane/dichlorornethane at 600 Illlmin 0.2 11m 
2. TRANSFER.Qf 850 III to GC at 110 C 
I Keference 
,ueteClor 
I Injection T [Gas 
(uC) 
12t1U IHe [Flame IEEe, 
20-35 cm/s Ionization L248/15, 
or 290·C 1991 
H2 
30-50 em/s 
Program. H2 Artho etal. 
105-360 1 mllmin 1993 
I 
Grobe/aI, 
Program. H2 1994 
110-290 2.5mllmin 
IGrob etal. 
Program. H2 1992 
110-290 2.5mllmin 
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IVllllampJe preparative memoas 'lnal .AI1aWtrcal :;ystem aetal s 
Analysis 1\,;0 umn ana e ouon con(JJtlons 
Method 1\';ollImn~pe ~umn 
T T.D: IPacklngl 
(m) (mm) Coating 
11. nON Wltrl KOH IGC Glass or fUsed silica ~ 0.25- 1 ;:;c-,,~ or 04 
2. SEPARATION of alcohol fraction by TLC capillary oxide 0.32 O. 1-0.3 11m 
PLATES: 20 emx20 cmxO.25 mm 
STANDARDS: alcohol mixture (C20-C28) 
3. SIL YLATION to trimethyl silyl ethers with 9:3:1 v/v/v 
I Dvridinelhexamethyldisllazaneltrichlorosilane 
LC (on-lIne with GC) GC 3 COLUMNS 
1. ESTERIFICATION with pivalic anh'.'dride I. PRE-COLUMN 2 0.32 None 
2.LC phenyldimethyl-
COLUMN: Silica gel packing (Spherisorb S-5-W) silylated fused 
L =10 em, D = 2 mm silica 
INTERNAL STANDARD: II. RETAINING 3 0.32 
cholesterol+betulinol in pyridine PRE-COLUMN 
MOBILE PHASE: 
hexanelrnethyl tert butyl ether at 500 Ill/min III.SEPARATION 15 0.32 Methyl silicone 
,;J. or l~ 11110 \;;1.; a I~·I.; glass capillary O. 15 11m 
LC_~on-ilne with GC) (see waxes) GC 3 COLUMNS 
1. PREPARATION: sllylation with I. PRE-COLUMN 2 0.32 None 
N,O-bis trimethylsilyltrifluoroacetamide (BSTFA)I phenylmethyl-
trimethytchlorosilane (TMCS) silylated fused 
2.PRE-SEPARATION by LC silica 
COLUMN: Silica gel packing (Spherisorb S-5-W) at 5 11m II. RETAINING 2 0.32 Apolar 
L=10 em, i.d. = 2 mm PRE-COLUMN stationary 
MOBILE PHASE: 0.1211m 
hexane/methyl tert butyl ether at 200 Ill/min III.SEPARATION 11 0.25 SE-54 + 
3. TRANSFER of 800 III to GC at 105"C OV-61 
0. 15 11m 
ITION m mODne phase at 5% w/v HPLC STANDARD: 0.3 4 Porasil 
tocopherol mixture 
MOBILE PHASE: 
isopropyl alcohol in 
hexane at 1.8-2 mllmln 
HPLC ELUENT: 
96:3.8:0.2 v/v/v 
methanol/waterl 
acetic acid at 1 ml/min 
-~ 
IKeTerence 
.uetectOr 
nJectlon 
r1) IGas 
t'rogram. He IFlame I!:!:\';, 
180-260 20-35cm/s ionization L248114, 
or 290·C 1991 
H2 
30-50 cm/s 
Program. H2 Grobetal, 
105-360 1 ml/min 1990 
I 
Program. 3ml/min 
120-350 
Program. H2 Artho et aI, 
105-360 1 ml/min 1993 
UV Carpenter, 
295nm 1979 
UV Lee etal, 
295nm 1991 
0\ 
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lUll sample t"l'8panruve m8tnoaS elOal IAnalYtlCa ::tystem aetalls 
Analysis II,,;0TUmn anlre unon conanlons 
Method I1,,;0TUmn~pe [COrumn 
T TIl Packlngl 
(m) (mm) Cmltlng 
I lUI'll Of squalene by ILl,,; Ismca gaIT IGC 
INTERNAL STANDARD: docotnacontane in hexane 
l,,;apllfary 1=-:)" 
ELUENT: 95:5 vIv hexaneldiethyl ether 
UI: 11:(; IIUN: UV 
ILc_~on-lInewltnul,,;llseewaxeS) IGLC 13 
1. PREPARATION: silylation with I. PRE-COLUMN 2 0.32 None 
N,O-bis trimethylsilyltrifluoroacetamide (BSTFA)/ phenylmethyl-
trimethytchlorosilane (TMCS) silylated fused 
2. IIUI'iI by LC silica 
COLUMN: Silica gel packing (Spherisorb S-5-W) at 5 11m II. Z ~ A~ar 
L=10 em, Ld. = 2 mm PRE-COLUMN stationary 
MOBILE PHASE: O. 12 11m 
hexanelmethyl tert butyl ether at 200 Ill/min III. I lUI'll Tf lJ.2O ::;/;;;-1;>4 + 
13. II : Of BOO III to GC at 1U:;'-C OV-61 
U.11> 11m 
LC. ~on-Jlne WIU! G~I IGC 3 
COLUMN: Silica gel packing (Spherisorb S-5-W) I. PRE-COLUMN 2.5 0.32 None 
L=1Ocm; D= 2 or 5 mm II. Ktl A1NINu 2.5 0.32 
ELUENT: PRE-COLUMN 
hexaneldichloromethane at 600 Il"min ;111. I lUI'll 25 If.~ i Mernyl silicone 
STANDARD: 0.2 11m 
n-triacontane 
2. of B50 III to GC at 110·C 
ul,,; Sfairifess steeTU=tu6e T8 J.T PorapaK t' 
(0.0.) 8U-1UU meSh 
GC IStarrifess steeT J:T J.T Il,,;aroowax 80-
100 mesh on 
(;hrOmOSOrD WAW 
GCIMS IGlass 1.8- 2 I pOlymetaP.!.'eno-
INTERNAL xylene on Tenax 
STANDARD: (60-BO mesh) 
ethyl acetate 
.~ ·v, jGC Glass 1.B 2 POIymetapheno-
Heat sample to 1 BO"C INTERNAL xylene on Tenax 
STANDARD: (60-BO mesh) 
ethyl acetate 
1. II lUI'll 10 emY' ethertHGI lUI,,; uSeOsillca ~ 0.53 ::;upelcowax-1U 
12. EXTRACTION 2:1 vNwith pentanelether capillary O.SlIm 
INTERNAL 
STANDARD: 
pynolhe 
I KeJerenCe 
IDeteCtor 
nJectlon T 
rC) 
IGas 
on-column I!"'rogram. IH2 l:lou-\'; I tlOllCliOli et ai, 
130-250 1 mllmin 1993 
wrogram. IH2 Artho ill aI, 
105-360 1 mllmin 1993 
lurODetat, 
Program. H2 1992 
110-290 2.5mllmin 
special t'rogram. He t-Iame Dupuyetal, 
llll- 190 60mllmih 10mzabonX2 1973 
'lame Maza etat, 
ionization 1992 
special It'rogram. He ·Iame Warner and 
0-250 ionization Frankel, 
250"C 19B5 1 
special Program. IHe Flame Warner and 
0-250 ionization Frankel, 
250"C 1985 
on-COlumn t'rogram. He Flame zieglerano 
B0-160 ionization Liaw, 
200"C 1993 1 
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CHAPTER 2 
BUBBLE DYNAMICS IN AQUEOUS AND OIL SYSTEMS 
2.1 INTRODUCTION 
Bubble dynamics are governed by surface and interfacial phenomena. Such 
phenomena are influenced by the structure of molecules and inter- and intra-
molecular interactions. Whilst bubble, foam and interfacial phenomena in aqueous 
and water-oil-air systems have received extensive scientific attention, the gas-oil 
interface is not so well understood. In the case of sunflower oil, studies of the gas-
oil interface have not been reported. In this chapter, the literature associated with 
bubble dynamics in various aqueous and oil systems is reviewed. The useful 
information presented here can be used to explain interfacial phenomena 
associated with nitrogen bubble dynamics in sunflower oil. 
2.2 ADSORPTION 
Adsorption is the accumulation of dispersed or dissolved molecules at a surface or 
interface in increased concentrations. This may eventually lead to the complete 
removal of such molecules from the solution (McCabe et a', 1993). An air-water 
interface is formed by air bubbles in aqueous systems. At such an interface, 
surfactants orientate themselves with their heads in the aqueous phase and tails in 
the non-aqueous phase, Le. air (Munk, 1989; Sebba, 1987; Figure 2.1). After an 
initial lag phase, interactions between adsorbed molecules are strong due to close 
packing at the interface (Graham and Phillips, 1979a). 
Water 
Figure 2.1 Surfactant adsorption at an air-water interface 
Adsorption behaviour is specific to the type of molecules and interfacial properties. 
It depends on the actual size and structure of the molecule, the presence of intra-
molecular bonds and hydrophobicity. For example, in aqueous systems, inter- and 
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intra-molecular interactions between protein molecules are very strong at the 
isoelectric point where repulsion is very low (Graham and Phillips, 1980). At oil or 
water interfaces, adsorption behaviour also depends on soluble bulk concentration, 
surface concentration, temperature and time (Zha and Sun, 1994; Dickinson, 
1992). As in aqueous systems, surface active substances in hydrocarbon liquids 
lower the surface tension of the oil (Mannheimer, 1992). Fo( example, oil soluble 
surfactants such as silicone, are capable of reducing the cohesive forces between 
the oil molecules. Oil insoluble surfactants, for example silicone dispersed in the 
form of droplets, may spread at the oil-air interface. High residence times are 
necessary for conformational changes. Adsorption of molecules at the interface may 
result in enhanced surface viscosity. Surface viscosity may not be apparent in 
cases where molecular conformational changes and strong intermolecular 
interactions are not established. For example, surface viscosity is lower at high 
temperatures and when low concentrations of molecules are adsorbed at the 
interface (Zha and Sun, 1994; Dickinson et aI, 1988). At high bulk concentrations, 
the possibility of interactions in solution may reduce the amount of surface active 
molecules available for adsorption. 
In aqueous systems, adsorption of small, flexible molecules is fast. Such molecules 
. are closely packed and almost in complete contact with the surface. Adsorption 
rates are much slower with large, more complex linear or globular molecules, 
particularly if they are present at low bulk concentrations (Dickinson, 1992). Large 
molecules must rearrange themselves in order to adsorb at the interface so that 
part of the molecule is in contact with the surface and the rest extends in the 
solution. When linear molecules form loops or tails extending into the bulk and 
trains that are in contact with the surface, the area that the molecule occupies at 
the interface is smaller than its real size (Rosen, 1989). Globular molecules, e.g. 
globular proteins, retain their initial configuration because unfolding is limited, unless 
their structure has been altered by denaturation e.g. heating, pH changes, bond 
breaking, controlled hydrolysis or chemical modifications (Dickinson et aI, 1988; de 
Feijter and Benjamins, 1982). Denaturation increases molecular flexibility and 
exposes more hydrophobic groups, but the formed films may be less viscoelastic. 
Other adsorption models include formation of multilayers i.e. thick films, 
coagulation or gel formation at high surface concentrations (Dickinson, 1992; 
Graham and Phillips, 1979b). Thick films consist of molecules at different stages of 
unfolding. Coagulation occurs when the surface area of bubbles decreases e.g. by 
disproportionation. During coagulation, adsorption is considered as irreversible 
because a lot of energy will be required for bond breaking. Cross-linking of the 
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molecules and molecular interactions such as hydrogen bonding, ion pair, van der 
Waals, hydrophobic may result in gel formation at the interface. The strength of the 
gel is inversely proportional to bulk concentration (Cohen Stuart et aI, 1986). At 
high bulk concentrations unfolding of molecules at the interface is restricted and the 
possibility of bond formation between the molecules is reduced. The adsorption 
models described above are associated with increased surface viscosity, restricted 
unfolding of molecules, low mass transfer rates and reduced adsorption rates. 
The situation becomes more complicated in the case of molecular mixtures with 
varying composition. The behaviour of mixtures of molecules upon adsorption at 
interfaces varies. Similar molecules may act as one, dissimilar molecules may 
aggregate or form complexes if they are incompatible, or they may simply coexist 
at the interface (Dickinson, 1992; Dickinson et aI, 1988; Albert and Cordoba, 1984; 
McRitchie, 1970). In order to interpret bubble dynamics, key considerations include 
the structure and properties of the molecules in solution, and possible 
intermolecular interactions, both in solution and upon adsorption. 
At an air-water interface, adsorption is assessed by effectiveness and effiCiency, 
both of which depend on a number of factors (Rosen, 1989). Efficiency of 
adsorption is defined as the surface concentration divided by the bulk concentration 
and increases with increasing straight hydrocarbon chain length. Effectiveness of 
adsorption is the surface concentration required for maximum effect. It decreases 
with long chains, branching and temperature. Long chains with C>16 are associated 
with increased cross-sectional area and coiling; branching increases the area 
occupied by the molecule; high temperatures increase the area occupied by the 
molecule because thermal motion is enhanced. As an example, high molecular 
weight proteins are less effective in lowering the surface tension than low 
molecular weight surfactants. 
Small molecules and others that are further apart within the interface desorb easily 
(Dickinson, 1992; Dickinson et aI, 1988). Desorption of large molecules is only 
possible at the early stages, before conformational changes occur. Conformational 
changes increase the molecule binding energy and desorption becomes very slow 
or impossible. Desorption could be effected by pH or ionic strength changes or 
displacement by a low molecular weight surfactant. 
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(a) Adsorption of biological molecules: Proteins, Lipids, Carbohydrates 
Proteins have high affinity for hydrophobic surfaces and behave similarly to the 
models described earlier (Dickinson, 1992; Dickinson et ai, 1988; Graham and 
Phillips, 1979a). Behaviour of protein mixtures depends on their types, mode of 
introduction i.e. simultaneous or sequential, and time or film age (Dickinson, 1992; 
Dickinson et ai, 1988). At the air-water interface, flexible disordered proteins may 
have an all-train structure at low surface pressures (Graham and Phillips, 1979c). 
Examination of the structure of adsorbed proteins at the oil-water interface indicated 
absence of the all-train structure of flexible molecules that was suggested for the 
air-water interface. Loops were assumed to consist of nonpolar hydrophobic 
groups, whereas the polar peptide bonds rested at the interface. It was 
suggested that oil molecules in the bulk solvated and stabilized the hydrophobic 
side-chain loops extending in the oil phase. At saturation surface pressure, the 
train, loop and tail configuration has been proposed for both the oil-water and air-
water interface. 
Adsorption of lipids at air-water interfaces has been extensively studied in beer 
foams (Hollemans etal, 1991; Jackson, 1981; Edwards and Thompson, 1968). The 
. behaviour of lipids in mixed systems depends on their dispersion. Studies in 
aqueous systems have shown that lipids interrupt existing protein or surfactant 
films and reduce their cohesion. If present in high concentrations, some lipid 
molecules are expelled at the interface whilst others are pushed back into the 
solution, form micelles with the tails in and heads out of the structure via weak 
hydrophobic/electrostatic interactions and move to the interface as such. However, 
if time is allowed for their dispersion, and particularly if they are present at low 
concentrations, they may form complexes with other surface active molecules, 
transported to the interface and adsorb as such (Bamforth and Jackson, 1983; 
Roberts et ai, 1978; Roberts, 1977). Hollemans et al (1991) have shown that 
neutral lipids i.e. mono-, di- and triglycerides have a permanent damaging effect on 
beer foam. The proposed mechanism was the formation of aggregates with other 
surface active material which spread at the bubble interface and induce 
coalescence. The effect of free fatty acids was temporary, whereas phospholipids 
were found to have no effect on beer foam. In aqueous systems, lipid monolayers 
surrounded by proteins, have reduced surface viscosities because proteins are 
expelled from the film (Dickinson et ai, 1988). If however, the S-S (disulphide) 
protein bonds are broken, it will be easier for protein molecules to penetrate the 
lipid monolayer. High film compression is associated with a closer packing of lipid 
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molecules and a higher degree of breaking of the protein hydrogen bonds 
(McRitchie, 1970). 
Studies on carbohydrates are limited to aqueous systems. Carbohydrates are 
hydrophilic molecules and have very low surface activity il=l water unless they 
contain hydrophobic groups or are present in the form of complexes with proteins 
(Dickinson, 1992; Dickinson et aI, 1988; Anderson, 1966). The carbohydrate moiety 
is responsible for film stability and Viscoelasticity; the proteineous part binds the 
molecule to the interface. Behaviour of protein-carbohydrate mixtures depends on 
the nature and strength of the bonds between the two species. 
(b) Adsorption of surfactants 
The behaviour of surface active compounds is affected by their type, size, 
concentration, solubility and system properties. In aqueous systems containing high 
concentrations of water-soluble non-ionic surfactants, the latter will displace 
proteins (Dickinson, 1992; Dickinson et aI, 1988). Oil-soluble, non-ionic surfactants 
either form complexes with proteins and increase film viscoelasticity or partially 
displace them. The behaviour of ~nionic surfactants depends on their concentration: 
at high concentrations they form complexes with proteins and increase film 
stability; at low concentrations they bind to specific protein sites via strong 
electrostatic/ hydrophobic interactions. If the surfactant is able to penetrate through 
the gaps between protein train segments, protein intermolecular interactions are 
reduced and surface viscosity and film stability are reduced. 
In oil systems, oil soluble surfactants such as silicone, reduce the cohesive forces 
between oil molecules, whereas oil insoluble surfactants can spread at the 
hydrocarbon oil-air interface (Mannheimer, 1992). For mixtures of soluble and 
insoluble surfactants, the most surface active predominates at the interface (Zha 
and Sun, 1994). Solubility of the surfactant depends on its concentration and oil 
viscosity. For instance, silicone dissolves faster at increased concentrations and/or 
lower oil viscosity. As in aqueous systems, higher surface activity at the 
hydrocarbon oil-water interface was observed for a mixture of oppositely charged 
(cationic/anioniC) hydrocarbon and fluorocarbon surfactants as compared to the 
single components (Guo-Xi and Bu-Yao, 1983). This was identified due to their 
closer packing at the interface caused by strong interactions between the 
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oppositely charged surfactant ions. Such activity, was associated with a lowering 
of surface tension, a lower oil-water interfacial tension and spreading on the oil. 
2.3 BUBBLE DYNAMICS 
The general concept of a gas-liquid interface has been discussed in the previous 
section. Bubbles are a special type of gas-liquid interface. A bubble can be 
considered as a "spherical or nearly spherical thin envelope of liquid together with 
another phase which it encloses and which usually is a gas" (Sebba, 1987). The 
thin liquid film surrounding a bubble is usually composed of liquid expanded or gas 
expanded monolayers due to loose packing of adsorbed surfactant molecules. 
Each molecule occupies a large area, particularly in dilute surfactant solutions. 
Bubbles in pure solutions are unstable and break within seconds. Breaking is either 
due to coalescence or thin film rupture when two bubbles touch. The latter occurs in 
films which have become so thin by liquid drainage, that even the slightest 
disturbance will break them. Surfactants in the thin films act as barriers preventing 
coalescence or retarding drainage. 
Studies in aqueous systems have aided in the understanding of the mechanisms 
involved during bubble coalescence. When bubbles approach and press against 
each other, both the contact area and the pressure increase whereas the 
thickness of the film is reduced. At a critical film thickness, the film ruptures and 
coalescence occurs (Prince and Blanch, 1990; Kirkpatrick and Lockett, 1974). 
However, when the contact area increases, the rate of liquid drainage is reduced. 
Therefore, the two processes, coalescence and liquid drainage, compete with 
each other. The process prevailing was shown to depend on the bubble approach 
velocities (Kirkpatrick and Lockett, 1974). At low bubble velocities, for example less 
than 0.12 mls for 5 mm bubbles, coalescence takes place very rapidly. At high 
bubble velocities, the time for film drainage is insufficient and the deformed bubbles 
may start moving away. This can lead to bubble bouncing. Bouncing of large 
bubbles i.e. 0.75-1 mm, when in contact with an interface has been attributed to 
surface tension gradients which make bubble surfaces immobile. Table 2.1 gives 
an example of bubble dynamics studies in various systems. 
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Table 2.1 Studies on coalescing and non-coalescing aqueous systems 
Author Liquid Gas Gas Orifice Sparge HID Bubble Region 
type flow diameter rtype Shape 
(mm)** 
Akita and Water Air or 02 1-4.5 Single 8.3 Formation 
Yoshida, 1974 Glycol (aq.) Air or 02 16J Oblate Rise 
Methanol Air or 02 32.5 spheroid (theory and 
CCl4 (aq.) Air exptal) 
Water Air or 02 0.4-2.0 Perforated 
Glycol (aq.) 5-10*, 20-30*, Porous 
Glycerol (aq.) 40-50*, 
Methanol 100-120* 
Sodium sulphite 
I(aq.) 
Kantak at aI, Alcohol (aq.) Helium Superficial 0.15 Rise 
1995 (N/C) Argon gas velocity 0.25 (theory and 
CMC (aq.) (C) CO2 0.01-0.18 exptal) 
mls 
Miyahara et aI, Water Air Gas flow 1.0-3.0 Single Formation 
1983 rate (theory and 
240- exptal) 
Ethanol (aq.) 24x10~ 
Glycerine (aq.) cm3/min 
Miyahara and Water Air Superficial 0.7-1.5 Perforated Ellipsoidal (exptal) 
Hayashino, CMC (aq.) (C) gas velocity 
1995 2x1Q-3-
8x1Q-3 
mls 
Parthasarathy Water (N/C) Air Superficial 5-15*, 20-30*, Porous Rise 
and Ahmed, gas velocity 40-60*, (exptal) 
1996 0.25x10-3- 100-200*, 
1.25x10-3 150-250* 
mls 
Symbols: N/C: non-coalesclOg; C: coaleSCing; aq: aqueous; exptal: experimental; * size in J.1m; **unless otherwise 
specified 
2.3.1 BUBBLE FORMATION, GROWTH AND DETACHMENT 
Upon formation of a new gas-liquid interface, surfactant molecules from the 
solution move to the interface to satisfy Gibbs theory (Adamson, 1990; Sebba, 
1987). The theory states that if the equilibrium between the concentration of 
foreign molecules in the bulk and the surface is disturbed, foreign molecules from 
the bulk will move to the surface to re-establish the equilibrium and keep the surface 
pressure constant. Surfactant movement is, therefore, based on the difference in 
surfactant concentration between the bulk and the freshly formed interface. 
Molecules with the right chemistry, upon reaching the interface will adsorb. Bubble 
formation and growth are associated with an increase in surface area and surface 
free energy. The tendency of a bubble to shrink under the action of surface tension 
forces results in a minimum surface free energy state. The pressure differential 
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across the bubble film is inversely proportional to the bubble radius and is described 
by the Laplace equation (Adamson, 1990; Streeter and Wylie, 1979) 
1 1 !1P = 0"(-+-) 
11 (2 
(2.1 ) 
where !1P is the pressure differential across the bubble film, (J is the surface tension 
and r1 and r2 are radii of curvature. For a spherical bubble, both radii (r) are equal 
and the equation reduces to 
2 !1P = 0"(-) 
( 
(a) Aqueous systems 
(2.2) 
Bubble formation in aqueous systems is assumed to take place in five stages: birth, 
expansion, lift-off, rise accompanied with continuous expansion and detachment 
(Geary and Rice, 1991) or in a more simplified view in one continuous stage 
(Davidson and Schuler, 1960). At birth, bubble radius is the same as that of the 
orifice. Initial bubble growth is slow since the bubble has to overcome the inertia of 
the surrounding liquid (Lanauze and Harris, 1974). During bubble growth, and as 
the bubble accelerates away from the orifice, the bubble expands because more 
gas flows into it. The inertia of the surrounding liquid delays its response in 
returning to place and the bubble will continue to grow, until the inward radial motion 
of the fluid narrows its neck (Marmur and Rubin, 1976). 
Bubble formation is affected by gas flow rate, orifice diameter and chamber volume 
(Marmur and Rubin, 1976). Less important factors are the gas and liquid 
properties. 
• At low gas flow rates bubble formation, growth and detachment are unaffected 
by other bubbles (Deshpande et aI, 1992; Miyahara et aI, 1983; Marmur and 
Rubin, 1976). Coalescence of equally sized bubbles may occur after bubble 
detachment (Miyahara et aI, 1983). 
• At intermediate gas flow rates, detachment of the first bubble may be affected 
by the formation and growth of the second bubble. Such an influence will allow 
additional gas to enter into the first bubble which will detach faster while the 
second bubble remains attached to the orifice (Deshpande et aI, 1992). 
Miyahara et al (1983) have shown that at gas flow rates in the order of 1200 
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cm3/min or higher a bubble coalesced with a previous one while the second 
bubble was still at the formation stage. This behaviour was not influenced by 
orifice diameters in the range of 1-3 mm or liquid properties such as density, 
surface tension or viscosity. At higher gas flow rates there was chain-like bubble 
formation which did not seem to depend on the properties of the medium or the 
gas flow rate value . 
• At very high gas flow rates i.e. higher than 1x104 cm3/min, one or more 
secondary bubbles merge with the first one and they detach as one or a gas jet 
is formed (Oeshpande et ai, 1992; Miyahara et ai, 1983). The required gas flow 
rate for jet formation depends on surface tension and orifice diameter, but not on 
liquid viscosity. Miyahara et al (1983) observed jet formation at flow rates in the 
region of 2x1 04 cm3/min. 
According to another theory, when the ascending bubble is small, there is a 
reduction in the time and distance between the ascending and growing bubble at 
high gas flow rates. This results in interference between the two bubbles which 
slows the detachment of the second bubble and causes its expansion (Marmur and 
Rubin, 1976). If the first bubble is large i.e. larger than 6 mm, detachment of the 
second one occurs sooner because the ascending bubble induces a rotational 
motion in the liquid. This was shown to occur at flow rates of 60 and 4x103 cm3/min 
for orifice diameters of 0.0175 and 0.16 mm, respectively. 
Bubble interactions become more significant at high liquid viscosities because the 
increased viscous drag causes a reduction in the velocity of the first bubble. Such 
interactions may be observed in small or large diameter orifices because closure of 
the first bubble is delayed and sufficient time is allowed for bubble interferences. For 
large orifice diameters this interaction occurs at lower viscosities. For large orifice 
diameters higher gas flow rates are necessary for interferences between 
subsequent bubbles because the secondary bubble grows at a lower rate as 
compared to smaller orifice sizes (Oeshpande et ai, 1992). Bubble formation at 
porous spargers occurs only in part of the disc. The number of active sites is 
proportional to the gas flow rate (Bowonder and Kumar, 1970). 
Chamber volume affects the coalescing process of formed bubbles. With small 
chamber volumes double bubbling occurs i.e. coalescence occurs immediately after 
bubble detachment. With large chamber volumes pairing occurs i.e. coalescence 
causes the preceding bubble to expand and form a tail (Miyahara et ai, 1983; 
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Marmur and Rubin, 1976). At high gas flow rates the effect of chamber volume on 
bubble formation becomes insignificant (Miyahara et aI, 1983). The effect of orifice 
diameter and chamber volume on the size of formed bubbles will be discussed in a 
later section. 
(b) Oil systems 
Bubble detachment in hydrocarbon oils is delayed by the presence of soluble or 
insoluble surfactants because these induce oscillating motions in the bubbles (Zha 
and Sun, 1994). Upon detachment, bubbles stretch and elongate in order to reduce 
the viscous resistance that opposes their motion. As a result, both the bubble cross-
sectional area and viscous drag decrease and the bubble accelerates. The 
increase in the area of the bubble causes a deviation in surface tension and a delay 
in the acceleration of the bubble from the orifice. This drives the bubble to return to 
its original spherical shape with a consequent increase in the viscous resistance. 
The repeated process of bubble elongation and contraction induces bubble 
oscillation and delays bubble detachment. 
Viscous 
resistance 
liD····· ...... \ 
~ ~ 
-- --
Step 1 
Bubble formation 
Direction of surface tension 
depressi~ 
, 
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--o~ Step 3 
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-0-Step 4 
Bubble stretching 
-Decreased cross sectional area -Increased cross sectional area 
-Decreased viscous drag -Increased viscous drag 
-Increased surface area -Decreased surface area 
-De\liation of surface tension 
Figure 2.2 Bubble oscillation in oils (based on the theory of Zha and Sun, 1994) 
Oscillating motions are more pronounced in larger bubbles. Slower bubble release 
or detachment is expected at high bulk viscosities due to the increased 
viscous drag on the bubble. This is also expected with small bubbles formed at high 
pressures, because the bubble experiences stronger forces due to the additional 
pressure. Generally, adsorbed soluble and insoluble surfactants contribute towards 
viscoelasticity of the bubble surface and oppose changes in bubble shape. Thus, 
bubble release is faster at low concentrations of insoluble surfactants, because 
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complete coverage of the bubble surface is not possible. Absence of electrostatic 
effects in the air-hydrocarbon oil-silicone system has been reported (Shearer and 
Akers, 1958). 
2.3.2 BUBBLE RISE 
A bubble rises to the gas-liquid interface due to buoyancy. The driving force is the 
difference in the densities of the gas and the liquid (Denn, 1980). Rising bubbles 
induce a circulation current by (i) displacement of liquid elements in the direction of 
bubble movement and (ii) wake formation below the bubble by liquid carried with the 
bubble (Davidson and Harrison, 1963). Such a current causes the fast detachment 
of newly formed bubbles as was discussed previously (section 2.3.1). In pure 
solutions with a clean surface, the bubble will penetrate the surface, float 
momentarily and burst (Sebba, 1987). In surfactant solutions, the bubble will be 
repelled by molecules adsorbed at the surface because these molecules carry the 
same charge as the bubble. Unless the bubble has enough momentum to penetrate 
the surface, it will be pushed back into the liquid. 
(a) Aqueous systems 
Studies in aqueous systems have shown that surfactants adsorbed at a new bubble 
interface affect both, mass transfer rate and bubble behaviour (Kawase and 
Ulbrecht, 1982; Raymond and Zieminski, 1971; Lochiel, 1965; Schechter and 
Farley, 1963). Their presence, even in trace amounts, reduces break-up, 
coalescence and gas diffusion due to the formation of protective layers around the 
bubbles. Rising bubbles experience shear stresses which force surfactant 
molecules to move to the rear part of the bubble surface. The net effect is the 
development of a surface tension gradient over the bubble surface. Surface tension 
gradients counteract destabilizing effects, such as shear and viscous stresses 
exerted by bubble movement through the liquid and may enable the bubble to resist 
external disturbances (Garrett, 1993; Schechter and Farley, 1963). Therefore, 
surface tension gradients contribute towards increased bubble stability because 
these are able to impart some elasticity on the bubble surface. 
In aqueous systems surface tension gradients lower internal bubble circulation 
(Lochiel, 1965; Schechter and Farley, 1963). At the point of maximum surfactant 
concentration on the bubble surface, circulation ceases and a stagnant cap is 
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formed. At high surfactant concentrations or increased chain lengths, surface 
tension gradients balance the shear stress exerted by liquid movement along the 
bubble surface and mobility of the bubble surface stops. This causes the bubble to 
rise as a rigid body. Large bubbles are more easily distorted. 
According to Raymond and Zieminski (1971) the reduction in mass transfer in 
surfactant containing liquids is less dependent on surface resistance and more 
dependent on the hydrodynamic properties of the system. The rate of mass transfer 
depends on a number of cumulative factors such as bubble size, bubble surface 
mobility and types and concentrations of surfactants (Kawase and Ulbrecht, 1982; 
Raymond and Zieminski, 1971; Lochiel, 1965; Schechter and Farley, 1963). At 
low Reynolds numbers the reduction with time in gas transfer from bubbles into 
water has been attributed to the accumulation of surfactants at the bubble interface 
(Lochiel, 1965). The rate of mass transfer decreases with increasing surfactant 
molecular weight and concentration. At high bulk viscosities, the effect of 
surfactants on mass transfer is less pronounced. 
Surface tension gradients normally initiate surfactant transport to and from the 
interface according to Gibbs law (Garrett, 1993). To avoid film collapse, the bubble 
surface must possess some elasticity. If surfactant adsorption is rapid, as with small 
molecular weight molecules, a gradient of surface tension will cease very quickly 
and time to balance shearing forces will be insufficient. Too slow transport, as for 
example with large molecules, also causes an imbalance of forces because surface 
tension gradients will be too large. The amount of surfactant present is also very 
important here: if it is very low, it will not suffice for restoration of the equilibrium; if it 
is very high, there is the possibility of formation of micelles in the solution, which 
render the surfactant ineffective. The optimum amount depends on the type of the 
surfactant. 
In aqueous systems bubble rise is affected by the flow regime: if homogeneous, 
bubbles rise only in the vertical direction; if heterogeneous, bubbles also migrate 
towards the column centre (Yao et aI, 1991). Bubble rise velocity increases with 
bubble size and superficial gas velocity. The terminal velocity of rising bubbles 
decreases in the presence of surface tension gradients (Kawase and Ulbrecht, 
1982; Lochiel, 1965). Rising of small bubbles is slower as compared to large 
bubbles due to the lower buoyancy of the first (Arapis, 1987). As a consequence, 
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the residence time of small bubbles in liquid increases and more time is allowed 
for surfactant accumulation on the bubble surface. This process finally results in 
small bubbles with high stability (Bamforth, 1985). Temperature and viscosity also 
affect bubble rise velocity. 
(b) Oil systems 
Bubble rise velocity in oils is very sensitive to kinematic viscosity changes. It is 
therefore very important to keep strict control of the temperature to within 0.1°C 
(Zha and Sun, 1994). In low viscosity oils both bubble release and bubble rise 
velocity are faster compared with high viscosity oils. Larger rising bubbles were 
seen to migrate towards the centre of the column. The proportion of such bubbles 
is increased due to coalescence. The proportion of large bubbles rising near the 
wall regions is lower due to break-up resulting from a high slip velocity (Chabot and 
deLasa, 1993). 
In hydrocarbon oils surface mobility of bubbles in the diameter range of 0.4-1.6 mm 
decreased in the presence of soluble silicone fractions, particularly at increased 
concentrations of silicone {Mannheimer, 1992}. This resulted in increased bubble 
stability. Insoluble silicone droplets effected bubble breaking by spreading at the 
bubble-oil interface. Interfacial mobility was not affected by oil viscosity. Fluidity 
lowering of the gas-silicone oil interface was higher in the presence of molecules 
with combined linear/branched structure as compared to linear molecules (Morick 
and Woermann, 1993). 
2.3.3 BUBBLE SIZE AND SHAPE 
Bubble size and shape are important in many industrial processes and both 
depend on the method used for their formation (Biswal et ai, 1994; Zhang, 1993; 
Garrett, 1993). Small, spherical bubbles have an increased surface area per unit 
volume and therefore provide increased mass transfer compared with larger 
bubbles. This is of great importance in fractionation processes which rely largely 
on bubbles for separation of contaminants from solution. For example, Biswal et al 
(1994) reported that in a flotation column used for the removal of solids the 
separation efficiency increased by 100% when the bubble size was reduced from 
655 to 75 J..1m. Bubble and foam fractionation processes will be discussed in a later 
section. In addition, the significance of creating small bubbles for enhanced 
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oxygenation and minimum damage of biologicals in bioreactors has been 
emphasized by Zhang (1993). 
2.3.3.1 BUBBLE SIZE AND SHAPE IN AQUEOUS SYSTEMS 
Bubbles close to a sparger are different in size than rising bubbles. Bubble size 
depends on the hydrodynamic properties of the system. During rising, differences in 
hydrostatic pressure with height of the column may give rise to increased bubble 
volume (Yao et ai, 1991). However, bubble size has been reported to be 
predominantly determined by coalescence and break-up (Kantak et ai, 1995; Yao et 
ai, 1991; Akita and Yoshida, 1974). Coalescence results in large bubbles. 
Coalescence can take place upon bubble formation, detachment or rise. It depends 
on the method of aeration, the type of gas distributor, the gas flow rate, the liquid 
flow regime (stagnant or flow mode), the liquid properties and the type and 
concentration of surfactants or other molecules. Coalescence at formation or close 
to the sparger is possible when the construction of the gas distributor allows bubble 
interactions (Kirkpatrick and Lockett, 1974). According to McBride et al (1980) 
coalescence for bubbles growing side-by-side is controlled by thin film rupture. 
Larger bubbles were reported at high gas flow rates due to increased coalescence 
rates. 
Coalescence in solution is the result of bubble interactions that are caused by wake 
capture, bubble rising side-side, direct bubble collisions or collisions at an angle. 
Coalescence during bubble rising in a line in stagnant Newtonian fluids occurs 
because the second bubble accelerates as it is caught in the wake of the previous 
one (Chaudhari and Hofmann, 1994; McBride et ai, 1980). This process can 
become effective in viscous non-Newtonian liquids where even non-aligned 
bubbles may coalesce. During random bubble motion, bubble collisions are due to 
turbulence. Angle collisions also occur in the turbulent flow regime. At angle 
collisions bubble interactions are caused by a wake capture mechanism. Direct 
bubble collisions are due to buoyancy and occur because a larger bubble with a 
higher velocity collides with a preceding small bubble (Prince and Blanch, 1990). In 
the heterogeneous flow regimes associated with high gas flow rates, laminar shear 
is responsible for bubble collisions. The tendency of rising bubbles to be located at 
the central region of the column results in a recirculation current where the velocity 
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at the column centre is directed upwards, whereas in the regions adjacent to the 
walls the velocity has a downward direction. 
Higher gas flow rates give more and larger bubbles and enhanced coalescence is 
caused by increased collisions due to increased bubble concentration and proximity, 
higher bubble relative velocities, higher gas hold-ups or increased bubble shape 
oscillations (Prince and Blanch, 1990; Kirkpatrick and Lockett, 1974; Marrucci and 
Nicodemo, 1967). Increased collisions of the larger bubbles that are formed by 
coalescence will increase the rate of coalescence (McBride et aI, 1980). 
Several reports show reduced bubble coalescence in electrolyte or surfactant 
containing solutions (Kantak et aI, 1995; Chaudhari and Hofmann, 1994; Geary and 
Rice, 1991; Keitel and Onken, 1982; Kirkpatrick and Lockett, 1974). In the presence 
of electrolytes or charged surfactants bubble repulsions will inhibit coalescence. 
Coalescence is directly related to surfactant charge and the difference between the 
hydrophilic-hydrophobic character of the surfactant (Prince and Blanch, 1990; 
Keitel and Onken, 1982; Marrucci and Nicodemo, 1967). Coalescence time 
decreases with increased length of hydrocarbon chain. Keitel and Onken (1982) 
found that inhibition of coalescence increased in the order: ketones (C3-C7), 
alcohols (C1-C8), organic acids (C1-C3). Impurities in tap water were shown not 
to affect coalescence. The rate of coalescence decreases in elastic fluids due to an 
increased resistance to film stretching and a lower rate of liquid drainage 
(Chaudhari and Hofmann, 1994). Viscosity enhancing materials also reduce 
coalescence and coales.cence is accelerated at increasing temperatures. McBride 
et a/ (1980) reported that in water or high viscosity fluids coalescence is controlled 
by film rupture and not by film thinning. The effect of the type of solute and its 
concentration become less pronounced at high gas flow rates where turbulence 
effects determine coalescence behaviour. 
Bubble break-up is also caused by bubble collisions with turbulent eddies. Eddies 
should have sufficient energy and size. Their size should be equal to or smaller 
then the bubbles (Prince and Blanch, 1990; McBride et aI, 1980). If eddies are very 
large, they transport the bubbles without breaking them; if very small, they do not 
possess enough energy to effect bubble breaking. Bubble break-up increases at 
high gas flow rates. Bubble break-up is reduced in high viscosity media even at 
Reynolds numbers greater than 2000 (Geary and Rice, 1991). There is a poor 
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understanding of bubble break-up in non-coalescing systems, but it is believed that 
bubble break-up is absent in very small bubble size situations i.e. 1-2 mm 
(Chaudhari and Hofmann, 1994). In the absence of break-up and coalescence, 
bubble size is largely controlled by the formation process, such that smaller orifices 
result in smaller bubbles (Geary and Rice, 1991). 
At high gas flow rates, bubble breaking may result in bubble size distributions 
(Deshpande et ai, 1992). Bubble size distributions in bubble columns may also be 
attributed to the variation of gas flow into the bubble during its formation (Davidson 
and Schuler, 1960). A large pressure drop through the orifice will ensure a constant 
flow rate into the bubbles during the formation stage. This condition is met at high 
gas flow rates (Davidson and Harrison, 1963). Inclusion of a gas chamber below the 
bubble column serves in reduction of pressure fluctuations (Akita and Yoshida, 
1974). Wide size distributions of bubbles formed from porous spargers have been 
observed in coalescing media at high gas flow rates. High gas flow rates had little 
effect in the distribution of bubble sizes in non-coalescing media (Parthasarathy and 
Ahmed, 1996). Superficial gas velocities were shown not to affect bubble size 
distributions. Similar observations have been reported for bubbles rising in columns 
equipped with perforated spargers with orifice diameters in the range of 0.7-1.5 mm 
(Miyahara and Hayashino, 1995). 
(a) Effect of gas flow rate on bubble size in aqueous systems 
In aqueous systems bubble size is affected by gas flow rate or gas velocity through 
the orifice (Kantak et ai, 1995; Akita and Yoshida, 1974). According to Davidson 
and Schuler (1960) bubble volume at any time is the sum of the volume of the 
bubble at the end of the first stage of formation where bubble and orifice radii are 
equal and volume of the gas that enters the bubble in time t. 
• At low gas flow rates, small bubbles are formed and the bubble volume is 
calculated as the sum of the gas volume at the end of the expansion stage and 
the volume of any additional gas that enters the bubble (Deshpande et ai, 1992; 
Marmur and Rubin, 1976). At low gas flow rates i.e. less than 90 cm3/min, bubble 
size is determined by a balance between surface tension and buoyancy forces 
(Davidson and Schuler, 1960). At flow rates between 90 and 180 cm3/min bubble 
size is determined by a balance between buoyancy and inertia forces. Slight 
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increases in gas flow rate cause an increase in frequency of formed bubbles, but 
the size is not affected. 
• At intermediate gas flow rates, bubble size increases because additional gas 
enters the bubble from a newly formed bubble. At flow rates between 900 and 
1200 cm3/min it is believed that the escaping bubble leaves a nucleus for the 
next bubble and this volume should be included in the calculation of bubble size 
(Davidson and Schuler, 1960). 
• At high gas flow rates, increases in bubble sizes are caused by interferences 
with secondary bubbles or bubble merging. Bubble merging also takes place 
when velocity of the first bubble is low and growth rate of the second bubble is 
faster. However, at flow rates in excess of 1200 cm3/min an upward current may 
be experienced by the forming bubble which drags it, forces it to detach sooner 
and affects its size (Davidson and Harrison, 1963; Davidson and Schuler, 1960). 
Double bubbling or bubble pairing have been reported not to affect bubble size 
(Miyahara et aI, 1983). 
(b) Effect of liquid and gas properties on bubble size in aqueous 
systems 
Experimental observations in aqueous systems have shown that bubble size was 
not affected by physical properties of the medium such as viscosity, surface 
tension or liquid density (Miyahara et aI, 1983; Akita and Yoshida, 1974). However, 
others have reported that physical properties do affect bubble size. For example, 
larger bubbles are formed in high surface tension media (Deshpande et aI, 1992). 
Larger bubbles were also found in high viscosity liquids due to increased drag 
forces and/or coalescence (Kantak et ai, 1995; Deshpande et ai, 1992). Viscous 
drag forces add to the downward force experienced by the bubbles. Smaller bubble 
sizes were formed from porous spargers in a non-coalescing medium as compared 
to a coalescing medium (Parthasarathy and Ahmed, 1996). The sizes of bubbles 
formed in the coalescing medium were in the range of 0.2-0.3 mm, 0.3-0.4 mm, 0.6-
0.7 mm, 1.2-1.5 mm and 2-3 mm for sparger porosities of G-4 (5-15 J.lm), G-3 (20-
30 J.lm), G-2 (40-60 J.lm), G-1 (100-120 J.lm) and G-O (150-250 J.lm), respectively. In 
the non-coalescing medium mean bubble sizes at superficial gas velocities of 
0.001 mls in a 0.2 m diameter bubble column and a liquid level of 0.2 m, were 0.44 
mm, 0.39 mm, 0.42 mm, 0.70 mm and 1.66 mm for sparger porosities of G-4, G-3, 
G-2, G-1 and G-O, respectively. Bubble sizes in the non-coalescing medium ranged 
from 0.20-1.06 mm, 0.14-1.00 mm, 0.27-1.23 mm, 0.34-1.49 mm and 0.87-3.59 mm 
in order of increasing pore size. It is interesting to notice that the G-3 sparger in the 
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non-coalescing medium gave smaller bubble sizes than the smaller porosity sparger 
i.e. G-4. There was no change in size of the bubbles ascending in the non-
coalescing liquid, whereas in the coalescing medium rising bubbles were larger than 
formed bubbles. Despite the contradictions as to the effect of liquid properties on 
bubble size, theoretical models for the prediction of bubbles sizes in both the 
formation and rise regions take into account liquid physical properties (Akita and 
Yoshida, 1974; Davidson and Schuler, 1960). 
The effect of gas solubility in the liquid phase on bubble size is negligible (Kantak et 
ai, 1995). At low gas flow rates the effect of gas density and pressure on bubbles 
formed from a single orifice can also be neglected (Wilkinson and van Dierendonck, 
1994). A combination of high gas density and large chamber volume may result in 
smaller bubbles because gas momentum, pressure drop across the orifice and 
bubble necking, all increase. 
(c) Effect of orifice diameter, chamber volume and column diameter on 
bubble size 
In aqueous systems bubble size increases with orifice size at low gas flow rates. At 
high gas flow rates, orifice diameter has no effect on bubble size and larger and 
more uniform bubbles are formed due to the lesser influence of surface tension 
(Bowonder and Kumar, 1970). Miyahara et al (1983) reported that for small orifice 
diameters a bubble is affected by the wake of a previous one. For orifice diameters 
in the range of 1-1.5 mm smaller bubbles are formed from smaller orifice diameters. 
For orifice diameters in the range of 2-3 mm the effect on bubble size is negligible. It 
can be assumed that at smaller orifice diameters bubble interactions are enhanced 
(Deshpande et ai, 1992). According to Akita and Yoshida (1974) for single orifice 
spargers in the diameter range of 1-4.5 mm the mean diameter of rising bubbles 
was not affected by the diameter of the orifice because coalescence and break-up 
effects predominated. Bubbles formed from G-4 (5-15 Jlm) and G-3 (20-30 Jlm) 
porosity spargers were similarly sized. This is in agreement with the findings of 
Parthasarathy and Ahmed (1996) who found that only in larger porosity spargers 
i.e. larger than 50 Jlm, bubbles influenced each other and coalescence occurred 
between bubbles from adjacent pores, in both coalescing and non-coalescing 
media. 
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Column diameter has no effect on bubble size in the homogeneous flow regime 
according to Kantak et a/ (1995). This contradicts the findings of Akita and Yoshida 
(1974) who reported decreased bubble sizes with increasing column diameters of 
60 cm or less. This would hold for superficial gas velocities of 0.42 m/s or less. The 
same authors also reported that the performance of rectangular bubble columns is 
similar to that of cylindrical columns. Based on the findings of Yao et a/ (1991), 
bubble diameters in a long and narrow bubble column are uniform in the central 
regions as opposed to regions close to the column wall. Bubble size was unaffected 
by chamber volume (Miyahara et ai, 1983). However, at very small chamber 
volumes the increase in bubble volume is equal to the gas flow rate (Marmur and 
Rubin, 1976). 
(d) Bubble shape in aqueous systems 
In aqueous systems, the bubbles formed are spherical if the influence of surface 
tension and viscous forces is stronger than the influence of inertial forces 
(Deshpande et ai, 1992). This is usually the case for small bubbles. At high gas 
flow rates, rapid growth of bubbles results in an increased slip velocity between the 
bubble and its surrounding liquid and bubbles deform to an ellipsoidal shape. 
Ellipsoidal shapes have been reported for rising bubbles in columns with perforated 
ring spargers with diameters of 0.7-1.5 mm (Miyahara and Hayashino, 1995). 
Bubbles rising in aqueous systems are reported to be oblate spheroid in shape. The 
ratio of minor to major axes in aqueous systems decreases with decreasing surface 
tension both, for singly rising bubbles and bubble swarms (Akita and Yoshida, 
1974). 
2.3.3.2 BUBBLE SIZE AND SHAPE IN OILS 
Shearer and Akers (1958) reported absence of coalescence in the presence of 
silicone particles in mineral oils heated to temperatures in the range of 20-120oC. It 
is possible that dissolution of silicone in the oil at such temperatures caused a 
protective effect. Immediate bubble rupture at the surface was taken as an 
indication of coalescence. Spreading of insoluble surfactants at the oil-air interface 
can lead to thinning of films and accelerated bubble coalescence (Mannheimer, 
1992). Studies in mineral oils contaminated with silicone have shown that the time 
for coalescence depends on bubble size, structure and size of the bulk molecules, 
oil viscosity and concentration of silicone. For bubbles with diameters in the range 
of 0.2-1.6 mm, coalescence time was proportional to rb n (1.5<n<3). In medium and 
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high viscosity oils a critical bubble diameter of approximately 0.9 mm appeared to 
exist for the effect of silicone concentration on the time of coalescence. For bubbles 
smaller than the critical size, time for coalescence increased with silicone 
concentration. For bubbles larger than the critical size, time for coalescence 
increased in the order: 1 ppm, 10 ppm, 0 ppm. In low viscosity oils, there was no 
critical bubble size and coalescence time increased with silicone concentration. This 
could be explained by the slow dissolution of silicone or its rapid spreading at the 
interface. 
Bubble size in oils is affected by liquid properties and operating parameters such as 
pressure, temperature, sparging time and liquid level. Generally, smaller bubbles 
are observed in oil as compared to water systems (Chabot and deLasa, 1993). 
Bubbles close to a porous sparger are different than rising bubbles. The size of 
rising bubbles should be expected to increase with liquid level due to a reduction in 
hydrostatiC pressure. Bubble size decreases with increasing temperatures. Smaller 
bubbles are formed and detach slower at higher pressures, due to the additional 
force on the bubble (Zha and Sun, 1994). Bubble diameter increase or decrease 
with time of rising bubbles denotes gas exchange between bubble and silicone oil 
(Morick and Woermann, 1993). Bubble size also decreases with stirring time up to a 
critical time; then there is no change. 
There appears to be a certain degree of contradiction amongst various investigators 
regarding bubble shape in oils. Spherical bubbles with smooth surfaces have been 
reported by Shearer and Akers (1958) in mineral oils. Their surface took a "jelly-like" 
appearance when silicone was added the oil. Silicone has the property of adhering 
and spreading at the bubble surface. According to Zha and Sun (1994), spherical 
bubbles are formed in oils which change to ellipsoidal upon detachment due to 
viscous resistance of the oil. However, at high surfactant concentrations, bubble 
shape is difficult to change because surface coverage is almost complete. Chabot 
et a/ (1992) reported that air bubbles produced in paraffinic oil at room temperature, 
in a controlled manner at a frequency of 2.2 bubbles/s from orifices of 1-10 mm and 
from porous caps of 40 Jlm porosity, were equally sized and spheroid in shape. 
2.3.4 BUBBLE SIZE AND SHAPE DETERMINATION 
Bubble properties such as size and shape can be determined both by calculation 
and experimentally. Numerous equations have been derived to predict bubble size 
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and/or shape. These equations take into account parameters such as bubble 
column size and gas and liquid properties. 
(i) Weber number for bubble shape: According to Lochiel (1965), for bubbles to 
maintain a spherical shape, the Weber number should be less than unity. The 
Weber number, We, is defined as the ratio of hydrodynamic pressure forces to 
surface tension forces and is expressed as 
We = dbu
2
PL 
C1' 
(2.3) 
where db is the spherical bubble diameter, cr is the surface tension of the solution, 
PL is the liquid density and u is the bubble velocity. 
(ii) Method of Lochiel for determination of the size of detaching bubbles: At 
detachment, bubble size can be roughly predicted from the following equation 
(Lochiel, 1965) 
301"0 
fb= (2PLg)1/3 (2.4) 
where rb and ro are the bubble and orifice radii respectively, cr is the surface 
tension of the solution, PL is the liquid density and g is the acceleration due to 
gravity. In practice, bubble size will be expected to be larger. 
(iii) Method of Akita for determination of size of bubbles in swarms: For the 
formation and rise regions, equations (2.5) and (2.6) are recommended, 
respectively for prediction of bubble sizes in bubble swarms (Akita and Yoshida, 
1974) 
d • U ~ = 1.88[ 0 ]1/3 
do (g.do )1/2 
(2.5) 
(2.6) 
where dvs* and dvs are the mean volume-surface diameters of initial and swarm 
bubbles, respectively; D is the column diameter, do is the orifice diameter and Uo is 
the gas velocity through the orifice. Symbols Bo, Ga and Fr denote Bond, Galilei 
and Froude numbers, respectively. These are expressed as 
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0 2 Bo = g PL 
(j 
0 3 Ga=~ 
v 2 
L 
U Fr= 9 (gO)1/2 
(2.7a) 
(2.7b) 
(2.7c) 
where PL is the liquid density, 0' is the surface tension of the solution, VL is the liquid 
kinematic viscosity, Ug is the superficial gas velocity and 0 is the column 
diameter. The above equations hold for both perforated and single orifice spargers. 
(iv) Experimental determination of bubble size: Experimentally, bubble size 
measurement is usually through enlargement of photographs taken by high speed 
photography. High speed photography also enables measurement of bubble 
velocity from the displacement length of the bubbles, divided by the shutter speed 
(exposure time). Use of fiber optic probes for bubble size measurement has also 
been reported to give results within 10% of the photographic methods. A correction 
factor of 3/2 needs to be used, because the probe tip does not intercept the center 
of the bubble (Saberi et aI, 1995; Yao et aI, 1991). 
For ellipsoidal bubbles the following equation can be used to calculate volumetric 
mean bubble diameter, dv (Miyahara and Hayashino, 1995; Miyahara et aI, 1983) 
(2.8) 
Average bubble diameters can also be expressed as Sauter mean diameters, d32, 
by use of the following equation (Parthasarathy and Ahmed, 1996; Biswal et aI, 
1994; McCabe et aI, 1993; Zhang, 1993; Akita and Yoshida, 1974): 
(2.9) 
In equations (2.8) and (2.9), Vb is the bubble volume, nb is the number of bubbles, 
d32 and db are the Sauter mean and spherical bubble diameters, respectively. 
Equations (2.8) and (2.9) can be used for both spherical, spheroid and ellipsoidal 
bubbles. For oblate spheroid bubbles, db values can be computed from the mean 
value of the minimum and maximum dimensions (Akita and Yoshida, 1974). In the 
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case of ellipsoidal bubbles, db represents the equivalent spherical diameter, ds, 
which is calculated from the following equation 
(2.10) 
where a' and b' are the major and minor axis of the bubble, respectively. 
(v) Bubble size distribution: Bubble size distributions can be obtained from 
measurements of the numbers of bubbles of a particular size and plotted as 
frequency (%) against the bubble size. Various models have been developed for 
the study of bubble size distribution. The model of Rosin-Rammler (Kaye, 1985; 
Deliyiannis, 1969) used in crushing and grinding for particle size distribution was 
found by Biswal et al (1994) to also describe bubble size distribution in a flotation 
process. According to this model, 
d 
<1>= 100 e -( do )n (2.11 ) 
where <1> is the cumulative percentage of bubbles with a diameter greater than d', 
d is bubble diameter, n is a constant which is dependent on uniformity of the 
material i.e. of bubble sizes and can be found from the slope of plots of In [In (1001 
<1»] versus Ind. 
2.4 FOAMS 
Bubble generation by aeration of a liquid may lead to foam formation. Foams in 
industrial processes are usually associated with problems, such as overflowing of 
production vessels leading to loss of product, cell damage, production line blockage, 
invalidity in sensor readings, packing inefficiency, all of which are interpreted as 
production cost increases. Foaming also complicates the design of process 
equipment such as tray distillation columns, where the efficiency cannot be 
predicted because the interfacial area is not known (Darton, 1994). 
Processes have been developed for the purification of substances via 
fractionation by foam (Narsimhan and Ruckenstein, 1986). Foams are also 
associated with everyday life. They make beers and carbonated drinks attractive. 
They are found in bread, cakes, confectionery, butter, ice-cream, whipped cream, 
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champagne, tonic, soda and mineral waters, shampoos, shaving cream, etc. 
(Townsend and Nakai, 1983). Additional foam applications include fire fighting, 
minimization of explosion violence, oil recovery from geothermal (gas and oil) 
wells and ore flotation (Aubert et ai, 1986). 
2.4.1 FOAM FORMATION 
Foaming can be caused by: 
• aeration via sparging of a gas into a solution (deVries, 1972), 
• forcing gas and fluid up into a packed column (Aubert et ai, 1986), 
• pumping of the gas and liquid at high velocities into long pipes (Aubert et ai, 
1986), 
• agitation via shaking, pouring or whipping of the solution (Garrett, 1993), 
• spraying the solution on a perforated metal screen with or without a fan blowing 
air on the screen at the same time (Aubert et ai, 1986), 
• nucleation i.e. bubble generation from liquid saturated with gas (Dickinson, 
1992; Aubert et ai, 1986; Gardner, 1972), 
• boiling of the solution (Bikerman, 1958). 
Gases commonly utilized in foam generation are: air, carbon dioxide or nitrogen. 
Generally, in aqueous systems nitrogen gas gives smaller bubbles than carbon 
dioxide. Lower solubility of nitrogen in water has the effect of slower diffusion and 
therefore gas transfer from small to large bubbles is less favoured (Chambers, 
1994; Bamforth, 1985). Foaming is prevalent in low surface tension liquids. When 
the foam is formed, the gas-liquid surface area increases and the surface free 
energy also increases. Therefore, the process is energetically unstable and the 
bubbles will burst. If the bubbles in a foam are spherical, the foam will be stable 
and less likely to rupture (Bamforth, 1985; deVries, 1972). 
Initially, the bubbles formed cover the first layer at the liquid surface. Then, new 
bubbles, lift this first layer and form a new layer underneath (Sebba, 1987). The 
liquid in the foam is in contact with the outer bubble surface and air and this 
enables Laplace attractive forces to hold the bubbles in the foam structure (Ross, 
1969). Thus, the three phases in the foam are: the bubbles, the surfactant 
containing liquid around the bubbles and air. The meeting area of three bubbles is 
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called the Plateau border and in this region most of the liquid of the foam is 
localized. The Plateau borders have a lower pressure than inside the bubble, 
according to Laplace equation. 
Bubbles 
Newly formed foams are generally wet by having a high liquid content in both the 
thin films and the lamellae. Drainage of liquid will result in a dry foam with small 
distances between the bubbles (deVries, 1972). Dry foams are unstable because 
bubbles are distorted to polyhedral shapes and are easy to break. Small, spherical 
bubble foams are called kugelschaums, whereas polyhedral bubble foams are 
known as polyederschaums or polyhedral foams (Sebba, 1987; Ross, 1969). Foam 
morphology changes are less likely in viscous liquids where liquid drainage is 
retarded (Narsimhan and Ruckenstein, 1986). 
2.4.2 FOAM STABILITY 
Processes and factors affecting foam stability may also result in foam instability and 
they will be examined together in this section. Processes such as 
disproportionation, bubble coalescence, bubble break-up, liquid drainage and film 
thinning, stretching of the thin film, hole formation in the film can occur both in the 
foam and in the bulk solutions. An excellent review is given by Ronteltap (1989). 
Foams are thermodynamically unstable. Foam collapse is associated with a 
reduction in surface area and a decrease in the total free energy of the system 
(Ewers and Sutherland, 1952). Both gas and liquid properties are important 
factors in maintaining foam stability. Foams are stabilized by the interactions 
between surfactants with long chains or side-chains. Repulsions due to the charged 
heads on adsorbed molecules also prevent· coalescence and foam disruption. 
Conditions for stable foams include: the presence of flexible and easy to coagulate 
colloidal particles, low gas solubility in the liquid, low solution surface tension, high 
bulk and surface viscosity, high film elasticity and high vapour pressure. Other 
physical variables that affect foam stability include pH of solution, processing 
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methodology (such as filtration of the solution) and temperature (Townsend and 
Nakai, 1983; Evans and Hall, 1971; Blom, 1937). Low gas solubility is associated 
with reduced gas diffusion. Low surface tension results in smaller and more stable 
gas bubbles with compact thin films and slower drainage rates (Bamforth, 1985). 
a.Disproportionation is the growth of large bubbles at the expense of small ones 
and is caused by pressure differences between large and small bubbles. Large 
bubbles are low pressure areas, whereas small bubbles are high pressure areas 
(Ronteltap, 1989). From Henry's law, the solubility of a gas is proportional to its 
pressure. Therefore, gas solubility is higher near a small bubble and gas will 
diffuse from a small bubble to a larger one (Brown, 1972). Disproportionation is not 
very common in uniform bubble foams due to the absence of pressure differences 
(Ross, 1969). Disproportionation results in a change in the total number of bubbles 
in the foam and foam shape (Kirk-Othmer, 1980). Disproportionation may also 
occur in the liquid, where it will lead to the formation of fast rising large bubbles 
which will break upon reaching the liquid surface. When bubbles break, gas is 
transferred from the bubble to the atmosphere, i.e from a high pressure area to a 
low pressure area (Ross, 1969). 
The total resistance to gas transfer from one bubble to another is offered by the 
two surfactant monolayers which surround both bubbles and the liquid that 
separates them (Sebba, 1987; deVries, 1972). In dilute surfactant solutions, gas 
diffusion will occur through pores left between loosely packed surfactant 
molecules at the interface or thin film. However, diffusion will also depend on the 
solubility of the gas in the liquid. Since nitrogen solubility is much lower than the 
solubility of carbon dioxide, nitrogen diffusion will be expected to be much slower 
than that of carbon dioxide (Dickinson, 1992). The driving force for 
disproportionation increases as the bubble gets smaller because the pressure 
difference increases. The process is considered as spontaneous or self-
accelerating and finally gives rise to very large bubbles (deVries, 1972). In contrast, 
as the small bubble gets smaller, packing of surfactant molecules will become 
tighter. The increased resistance to gas transfer will eventually stabilize the bubble 
against disproportionation (Evans and Hall, 1971). However, if the adsorbed 
molecules are small, some molecules may desorb to satisfy Gibbs equilibrium and 
the resistance to gas transfer will be less. 
b. Liquid drainage takes place either directly from the Plateau borders and the 
vertical parts of the thin films or indirectly from the non-vertical parts. The net 
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effect is a reduction in the thickness of the thin film. Mechanisms for liquid drainage 
include gravity drainage, liquid or viscous flow from the thin film, Plateau border 
suction, marginal regeneration or van der Waals attractive forces between 
molecules in the two films (Aubert et aI, 1986; Narsimhan and Ruckenstein, 1986). 
Gravity drainage is the primary mechanism for liquid drainage. It results in removal 
of excess liquid from the lamellae, thereby causing bubble distortions and uneven 
radii of curvature. Gravity drainage causes a variation of pressure differences and 
leads to the development of pressure gradients between bubbles and the 
surrounding liquid (deVries, 1972). 
Viscous flow is the nature of flow that takes place between two solid walls. It 
occurs when the surfaces of the films are motionless or rigid due to Gibbs elasticity 
(Wasan et aI, 1994; Prins and van't Riet, 1987; Narsimhan and Ruckenstein, 1986). 
As the liquid drains, the distance between the Similarly charged surfactant 
monolayers decreases, repulsive diSjoining forces develop and liquid drainage 
ceases. Non-ionic surfactants and long-chained molecules stabilize films mainly by 
hydrogen bonding and hydrophobic interactions, respectively (Sebba, 1987). 
Generally, very small temperature increases, i.e. in the order of 0.2°C, decrease 
the thin film thickness (Kirk-Othmer, 1980). When the thin film reaches a critical 
thickness, the slightest disturbance will break it. This disturbance is usually 
magnified so as also to affect adjacent bubbles and causes foam collapse. Drained 
films may become metastable i.e. persistent, provided that they are not subjected 
to external stresses, such as those caused by liquid evaporation from the foam, 
disproportionation or by mechanical disturbances (Aubert et aI, 1986). Slow liquid 
drainage results in more stable foams. Liquid drainage is slower in small bubble 
foams as compared to large bubble foams because the liquid flows through a large 
number of capillaries (Narsimhan and Ruckenstein, 1986; Bamforth, 1985; Blom, 
1937). Liquid drainage is also slower with high viscosity liquids and in the presence 
of surfactants or viscosity modifying additives (Narsimhan and Ruckenstein, 1986; 
Bikerman,1958). Liquid drainage has been claimed to be independent of the type of 
surfactant (Barigou and Davidson, 1994). 
Plateau Border suction becomes effective after the early stages of drainage by 
gravity. The driving force for Plateau border suction is the pressure difference 
between Plateau borders and lamellae. Plateau borders have large radii and are low 
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pressure areas, whereas lamellae have small radii and are high pressure areas. In 
polyhedral bubble foams the walls are almost flat and the largest radii of curvature 
are present at the areas adjacent to the Plateau borders. In accordance with 
Laplace equation liquid drains from the lamellae to the Plateau border (Ronteltap, 
1989; Ewers and Sutherland, 1952). Plateau border suction is a much faster 
process than viscous flow. In horizontal films Plateau border suction is the only 
cause of drainage. 
Marginal regeneration takes place in films with mobile surfaces (deVries, 1972). 
Marginal regeneration is much faster than viscous flow. Marginal regeneration is 
facilitated when parts in the film possess different thickness. This is caused by the 
relative differences in liquid transport. For example, liquid transport to the Plateau 
borders by Plateau border suction is faster than liquid drainage due to hydrostatic 
pressure or due to gravity (Ewers and Sutherland, 1952). The pressure in the thick 
parts is higher than the pressure in the thin parts. This initiates a net liquid flow 
towards the thicker part, in addition to liquid flow towards the nearest Plateau 
border. 
c.Coalescence is the merging of two bubbles in one. Coalescence is energetically 
favoured, because surface free energy is reduced by the formation of a new bubble 
which has a surface area smaller than the sum of the surface areas of the two 
merging bubbles (Ronteltap, 1989; deVries, 1972). The volume of the new bubble is 
the sum of the volumes of the two bubbles. Coalescence causes a lowering in the 
interfacial area and reduces mass transfer. Coalescence is more common in foams 
with high gas to liquid ratios because lamellae thickness is low. 
d. Thin film stretching accounts for the behaviour of very thin films. Thin films 
contain areas of varying thickness. For example, the areas at the higher parts of 
vertical films or areas near the Plateau borders are thinner than other parts in the 
film. On stretching, the film thickness is reduced and its surface area increases. 
This will cause a temporary increase in surface tension due to the reduction in 
surfactant concentration in that area. Surface flow will be initiated towards the 
surfactant depleted area, called the Marangoni effect and results in restoration to 
its previous thickness (Schramm and Wassmuth, 1994; Wasan et ai, 1994; Hall et 
ai, 1973; Ewers and Sutherland, 1952). The driving force for surface flow is the 
surface tension gradient between the surfactant depleted and surfactant-rich areas. 
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If insufficient liquid is transported during film thinning, or if surface flow is delayed 
by high surface viscosity, then the film ruptures (Ross and Haak, 1958; Ewers and 
Sutherland, 1952). 
Another important factor in thin film stretching is Gibbs elasticity. This is a measure 
of the increase in surface tension when the surface area increases (Schramm and 
Wassmuth, 1994; Callaghan et aI, 1983). Gibbs elasticity enables the film to 
contract, similarly to an elastic skin (Aubert et aI, 1986; Ewers and Sutherland, 
1952). High film elasticity is associated with an enhanced tendency of surface 
tension forces to oppose deformation and it results in higher film stability. During 
surface renewal surfactant molecules may move towards the depleted or thinned 
area. This will only lower surface tension in any particular area. For restoration and 
thickening of the film bulk motion is necessary. Film rupture and foam disintegration 
result when the rate of film thinning is higher than the rate of restoration of the 
surface tension gradient (Ross and Haak, 1958). 
e. Hole formationlThin film rupture: Upon formation of a hole in the thin film, the 
hole expands due to surface tension forces and causes film rupture. Thin film 
rupture results in partial loss of the potential energy stored in the foam (Kirk-
Othmer, 1980). Hole expansion is energetically favoured, because it decreases the 
surface area and releases surface free energy (deVries, 1972). The energy 
released when a thin film ruptures is converted to kinetic energy and viscous 
dissipation loss (Desai et aI, 1995; Garcia-Briones et aI, 1994). The released energy 
is larger with small bubbles as compared to larger ones. The energy needed for 
hole formation depends on the film thickness. Therefore, thicker films are more 
difficult to break because more energy is required (Ewers and Sutherland, 1952). 
This energy may be provided by thermal disturbances, for example. Since surface 
tension decreases with temperature, temperature differences also cause surface 
tension gradients. 
2.4.3 FOAMS IN OILS 
Foaming in oils is attributed to the presence of low concentrations of impurities or 
oil-soluble surface active substances (Shaban, 1995; Callaghan and Neustadter, 
1981; Shearer and Akers, 1958). These can either be present in the original oil or 
emerge by contacting the oil with chemicals such as corrosion inhibitors added in 
oils. Acids and phenols may also contribute to foaming in crude oils (Callaghan and 
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Neustadter, 1981). Kim et al (1988), suggested that fatty acids have no effect on 
foaming in frying oils and foaming was due to the size and disparity of the 
triglycerides. Such conclusions arose from observations that random 
interesterification reduced oil foamability under frying conditions. Random 
interesterification produced higher concentrations of middle triglycerides with 32-48 
carbon atoms while fatty acid compositions remained unaffected. Foaming during 
frying has also been observed in thermally decomposed oil in the presence of 
lecithin (Kim et aI, 1988). 
During the frying process of edible oils reactions such as oxidation, hydrolysis, 
polymerization, cracking and fat decomposition give rise to volatile polymeric and 
monomeric compounds (Bracco et aI, 1981). Foaming in edible oils during frying is 
generally undesirable because it may promote thermal oxidation of the oil. Bracco 
et al (1981) found that frying of potato chips at 180°C in peanut and palm oils 
resulted in increased free fatty acid, oxidized acid and polymer contents, increased 
viscosity, a lowering in flash and smoke points and increased foam index. 
The foam index was used by Bracco et al (1981) to compare foamability of various 
frying oils. In the work of Kim et al (1988) and Bracco et al (1981), foaming 
properties of oils were measured at 180°C during frying of potato chips and wheat 
flour preparations with a view of comparing the performance of various edible oil 
mixtures such as com, soybean, coconut, rapeseed, etc. Their results on the 
foaming characteristics of various oils cannot therefore be conclusive. Foamability 
at different temperatures (20-120oC) of nitrogen sparged mineral oil was examined 
by Shearer and Akers (1958), both pure and in the presence of a silicone in 
pentane solution. Four different oil samples were tested and all behaved differently. 
The most viscous samples (160, 250 cst) did not foam at 20°C, whereas the less 
viscous oils (27, 7 cst) foamed. Upon raising the temperature of the foaming 
samples, foam heights were reduced. At around 100°C, all oils were observed to 
foam. Foaming decreased on cooling of the foamed samples. This effect was less 
pronounced in low viscosity oils. The authors concluded that for silicone to act as 
an antifoam it should be dispersed as particles smaller than 100 ,...m. When 
temperature increased silicone dissolved; upon cooling silicone was present as a 
separate phase with particle sizes in excess of 100 ,...m. In both cases, silicone 
acted as a pro-foamant. In conclusion, upon addition of silicone, surface tension 
decreases until saturation occurs. Silicone at concentrations lower than those 
required for saturation is a pro-foamant; at higher concentrations, it becomes 
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dispersed and acts as an antifoam. Therefore, similarly to aqueous systems, the 
effect of additives on oil foams depends on their form and conditions of addition. 
Dispersed silicone adheres and spreads at the bubble surface and causes its rapid 
rupture when the bubble reaches the solution surface (Shaban, 1995; Lewis and 
Minyard, 1994; Shearer and Akers, 1958). Non-foaming oil samples, may foam at 
higher temperature with silicone addition; lower concentrations of silicone produce 
foam sooner, probably because the additive is completely dissolved in the oil. At 
high silicone concentrations, this becomes insoluble and causes foam breaking. 
Silicone addition to foamed oil breaks the foam. Moisture was found to decrease 
stability of crude oil foams (Callaghan and Neustadter, 1981). This was attributed to 
rupture of lamellae by spreading of water droplets and loss of surfactants by partial 
adsorption onto water droplets. 
For a stable foam, surface active substances should be able to enhance the ability 
of a system to respond to changes in surface tension and film thickness (Callaghan 
and Neustadter, 1981). In the opposite case, films will be unstable and will rupture. 
Surfactants with a higher surface tension produce more stable foams. Foam stability 
was also found to be affected by the type of gas. For example, in crude oils air gives 
less stable foams than natural gas. This was explained by increased concentration 
of wax particles at the natural gas-oil interface, since waxes are believed to have 
increased selectivity for natural gas. The effect of temperature on foaming is also 
very important. For example, an oil solution may foam in winter and not in the 
summer because at the higher temperatures the viscosity of the liquid in the thin 
films is reduced. This increases rate of film drainage (Kirk-Othmer, 1980). Foam 
stability of refined mineral oils was reported to increase with viscosity (Callaghan et 
ai, 1983; Callaghan and Neustadter, 1981). This was due to slower liquid drainage 
from the lamellae and plasticity of the thin films formed. Higher oil viscosity and 
increased polymer concentration during frying at 180°C explained increased 
foamability of palm oil (Bracco et ai, 1981). Surface tension of the oil was believed 
to have no effect on foamability. Bracco et al (1981) found that after an initial 
increase in foam height, foam deteriorated with time. 
Laws applicable to aqueous foams also apply to nonpolar foams. To state a few: 
thermodynamic instability of foams; tendency to separate in the two phases i.e. gas 
and liquid; foam collapse due to film thinning by gravity drainage and plateau border 
suction drainage (Maini and Sarma, 1994). Also, surfactant adsorption lowers 
surface tension in oils; surface tension gradients are necessary for film elasticity; 
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Gibbs and Marangoni effects apply in non-aqueous foams. One basic difference 
between aqueous and non-aqueous foams is the extent of surface tension lowering 
caused by surfactants in oil foams. The surface tension of water is 73 mN/m and 
can drop by more than 50 units. Oil, starting with a surface tension in the order of 
25-30 mN/m, cannot produce such a drastic effect. Also, in water, ionic surfactants 
are capable of forming charged surfaces which repel each other when bubbles get 
close due to drainage. This does not apply to nonpolar foams because ionization is 
not possible. Thus, in oil foams, stability is determined by bulk and surface 
viscosities. 
Effective antifoams for non-aqueous foams should be nonpolar, insoluble in water, 
hydrophobic and capable of reducing surface tension (Shaban, 1995). The 
antifoamer may act by reducing surface viscosity through displacement of the 
original surfactant and/or spreading at the oil-gas interface. Non-ionic antifoam 
agents such as silicones (e.g. dimethylpolysiloxane) may displace ionic substances 
and destroy electric repulsion effects or form a monolayer which will minimize 
resistance to gas diffusion. The presence of particulate hydrophobic matter, e.g. 
silica, can boost the action of a poor antifoam. 
2.4.4 MEASUREMENT OF FOAM STABILITY AND FOAMABILITY 
Foam behaviour is affected by processes such as liquid drainage, 
disproportionation, coalescence, etc. Foam properties such as bubble size, total 
volume, amount of gas and liquid, viscosity and elasticity are all time dependent. 
This accounts for the difficulty in obtaining reproducible results in assessing foam 
properties and foam stability. Upon foam production, foam height increases. 
Eventually, foam height attains a constant value, because the number of bubbles 
which enter at its bottom, is equal to the number of bubbles which break at the 
top (Bikerman, 1958). Steady state foam height is proportional to gas flow rate. 
Foams can be quantitatively characterized by a number of methods and parameters 
such as bubble size in the foam, foam density, foam viscosity, foam strength, foam 
composition, etc. Bubble sizes in the foam can be measured by freezing the foam or 
the whole column with liquid nitrogen, cutting and microscopically visualizing the 
sizes of the bubbles (Bamforth, 1985; Bikerman, 1973; deVries, 1972). Foam 
morphology can be also examined by photography. Photography enables 
determination of bubble volume Vb at different times; the parameter 1Nb aids in 
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Table 2.2 Methods for measurement of Foam stabili~ and Foamability 
A1 Method Methodology Foam property Measured Reference 
A I parameter 
1 Blom Weighing of beer prior to Rate of liquid Foam weight Blom, 1937 
foaming and at 1 min drainage 
intervals after foaming 
2 carlsberg Automated version of Initial foam volume Foam volume Ronteltap, 1989 
Laboratories method 1 Foam stability 
3 Clark/Sigma Conversion of 1 00 cm~ of Foam stability Time takenJor a 5 cm~ Clark and Ross, 
liquid to foam increased in liquid 1940 
level 
4 Rudin Rise of foamlliquid interface Rate of liquid Time as half-time Rudin, 1957 
between set marks drainage (HRV Le. head 
retention value) 
5 Foam Expansion of solution through Uquid drainage Volume of liquid Bamforth,1985 
Flashing orifice to obtain 200 cm3 of drained from foam in 
Value foam 90 sec 
6 Klopper- Use of conductivity probe Foam decay Time for foam collapse Klopper,19n 
NibemlFoam to distances of 10, 20 
conductivity and 30mm 
7 Ross Specially designed Foamability Pressure variation due Ross, 1969 
I eQuipment Foam decay to foam in a vessel 
8 Pierce/ Increase in liquid level every Foam stability Uquid level Bamforth, 1985 
Purssell 15 sec over 10 min 
9 FlylChicoye Modification of 8 for foams Foam stability Foam volume to liquid Bamforth, 1985 
changing after 8-15 min volume ratio 
(duration 50 min) 
10 Segel (a) Accounts for initial fast and Foam collapse calculation of reaction Bamforth, 1985 
conseQuent slow drainage constants 
11 Trufoam- Pouring of liquid in a Foam collapse Ught transmission Leeson, 1989 
Segell standard vessel and 
Bacarava recording of light 
transmission 
12 deClerk/ Assumption that foam Foam collapse Microscopic Bamforth, 1985 
deDijker stability depends on bubble visualization 
size; 
not liquid composition 
13 Darton Computer fed with foam Foam formation Bubble size and shape Darton,1994 
photographs taken with Foam decay 
video camera Bubble size 
14 Bikerman Assumption that foam is a Foaminess, Le. foam Foam volume Bikerman, 1958 
physical property of the volume by gas flow 
liquid unaffected by rate ratio for a stable 
equipment foam 
Maximum foam 
height 
15 Wyandotte Foam height is proportional Foam capacity Foam height until Reich etal, 
Chemicals to surfactant concentration, Foam stability maximum height 1961 
temperature and gas flow Foam decay 
rate (simulation of practical 
conditions) 
16 Glenister (a) Freezing of foam with Bubble size Microscopy Bamforth, 1985; 
liquid nitrogen, cutting Bikeman, 1973; 
deVries, 1972 
17 Mita Photography Foam morphology Bubble size and shape Mita et ai, 1978 
18 Segel (b) Pouring in measuring cylinder Foam density Volume of liquid in Bamforth,1985 
foam 
to foam volume 
19 Glenister (b) Based on Stokes law Foam viscosity Velocity of solids Bamforth, 1985 
through foam 
20 Glenisterl Foaming ability in the Foam strength Foaming height Bamforth, 1985 
Segel presence of antifoams 
21 Analytical methods Chemical Concentration of Bamforth,1985 
composition constituents 
22 Foam Index Measurement of time taken Foamability Foam height Bracco et ai, 
for test oil to reach 80 mm 1981 
level in a specific column 
divided by the time taken for 
control 
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drawing conclusions on bubble coalescence in the foam (Bamforth, 1985). Foam 
density can be calculated from the ratio of the foam liquid volume to foam volume. 
Foam viscosity evaluations make use of the method of Stokes, i.e. measurement 
of the velocity of glass beads in the foam. Foam strength is assessed by the 
foaming ability of the liquid in the presence of various amounts of antifoam agents. 
The chemical composition of the foam can be found by analYtical methods. Table 
2.2 summarizes some of the most commonly used methods for assessment of foam 
behaviour. 
2.4.5 FOAM BREAKING 
Foam breaking is usually effected by mechanical or chemical means. Mechanical 
methods include agitation or deaeration of the liquid. Chemical means involve the 
use of additives such as antifoams, vapours, pH modifiers. Additional methods for 
foam breaking involve: high temperature, use of destabilizing particles or 
contrafoams. The latter is based on contacting the foam with another one, formed 
by the use of an oppOSitely charged surfactant. Destabilizing particles such as 
silica should be able to form high contact angles with the thin film. Destabilizing 
action is usually through the formation of a hole (Hairston, 1994; Ronteltap, 1989; 
Sebba, 1987; Prins and van't Riet, 1987; Kirk-Othmer, 1980). 
2.5 FRACTIONA TION 
Recently, increasing interest has arisen on the use of bubbles and foams as a 
means for removal of undesirable components from solutions. The so-called 
bubble or foam fractionation processes, have been used in the past for the removal 
of impurities from waste waters, separation of proteins, etc. (Narsimhan and 
Ruckenstein, 1986). Such processes are based on differences in surface activity of 
the components present in solution which may lead to their selective adsorption at 
the gas-liquid interface. They apply to non-volatile surface active matter that is 
adsorbed onto the bubble surface. This is different to gas absorption which is based 
on the diffusion of volatile material into the bubbles (Lemlich, 1972). Separation of 
non-surface active substances will be possible if they can combine with a surface 
active one. 
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The driving force for the diffusion of matter to the bubble surface is concentration 
difference between the bulk and the bubble interface. Speed of adsorption 
depends on the type of molecules i.e. size, chemistry, structure, liquid properties 
and bubble dynamics (Lemlich, 1972). Separation is also affected by equipment 
design, operating parameters and processing routine. For example, the degree of 
separation decreases as the column diameter increases; enricnment increases with 
liquid level; use of nitrogen eliminates chemical effects; incorporation of organic 
vapours in the gas improves its separation selectivity; use of an immiscible liquid 
level on top of the bubbled liquid will trap the material carried by the bubbles. 
Foam fractionation is fundamentally an adsorptive bubble separation method for the 
removal of soluble, surface active components from the solution. It is based on 
preferential adsorption of such compounds at the gas-liquid interface of bubbles 
rising through the liquid (Uraizee and Narsimhan, 1990a, b; Chartoff at aI, 1983). 
Foam fractionation is a general term used for processes employed for component 
separation in the industry through foam formation and also includes froth and 
dissolved air flotation. Foam fractionation is used for the separation of proteins, 
enzymes or detergents; froth flotation is applied for removal of solid material such 
as minerals; dissolved air flotation has been used for protein recovery from waste 
waters (Iggleden and vanStaa, 1984). Advantages include: simplicity of operation, 
low cost (capital, operational, maintenance) and low energy requirements (Uraizee 
and Narsimhan, 1990a). In foam fractionation, bubbles carrying the impurities sit at 
the surface, participate in the foam and are removed as such (Tharapiwattananon 
at aI, 1996). The surface active substances can be concentrated by collapsing the 
foam (Mohan and Lyddiatt, 1994). An important prerequisite is that the material to 
be removed is dissolved or finely colloidal (Lemlich, 1972). Large gas-liquid 
interfacial areas are required to achieve increased separation efficiency. 
Prediction of separation efficiency in foam fractionation is difficult due to the various 
changes in the foam with time (Narsimhan and Ruckenstein, 1986). However, it is 
claimed that separation effiCiency is high for very dilute solutions. For a stable foam 
(Lemlich, 1972), 
(2.12) 
where Cf is the concentration of a particular component in the collapsed foam; Cw 
is its concentration in the liquid; r w is its surface concentration in excess than 
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equilibrium concentration; Q is the gas flow rate; Vof is the overflow rate of foam 
liquid and rb is the bubble radius. In case of unstable foams, rupture of bubbles 
releases adsorbed matter which may return to the liquid and act as reflux. This will 
increase the efficiency of separation. Alternatively, collapsing the foam and 
returning it into the solution will serve the same purpose. On the other hand, foam 
instability will decrease the rate of foam overflow. 
Dissolved air flotation is used in the edible oil industry for water recovery by 
removal of impurities such as edible oil, solids etc. The process is aided with 
chemicals which enhance adsorption of the impurities at the bubble interface. These 
may act by changing solubility, affecting surface charge or increasing flocculation or 
coagulation. Reported reduction in edible oil content was 99%. In flotation the 
air/solids ratio usually ranges from 0.01 to 0.06. Use of very small air bubbles i.e. 
20-80 microns in diameter increases the rise velocity of oil and solid particles 
(lggleden and vanStaa, 1984). Bubble size can also decrease by higher pressure 
drops. Minimum turbulence is necessary to minimize floc destruction. The floes are 
lifted to the surface by attachment to the bubbles. Finally, collected matter at the 
surface is slowly scraped. 
Bubble fractionation is less efficient than foam fractionation (Lemlich, 1972). In 
bubble fractionation, impurities are carried to the surface by the bubbles and are 
deposited there (Suzuki et aI, 1996). This results in enrichment of the surface region 
as compared to the lower regions of the solution. When a bubble reaches the 
disengagement zone at the surface, the film between the bubble and the liquid 
surface drains to the critical thickness and rupture follows (Desai et aI, 1995). The 
resulting cavity at the liquid surface will initiate liquid movement towards it in order 
to fill it. Finally a small droplet at the tip of the jet is formed. The net effect is high 
turbulence and energy release. Bubble fractionation can be described by the 
following equation (Lemlich, 1972) 
'h 
c-Ie = J~el 
It' 0 jh 1 e -
-
with f a J=k (-)-
A Dv 
-
(2.13) 
(2.14) 
where a is average bubble surface area; h is liquid level; Ch is concentration of a 
component at level h; Co is initial concentration of the component in the liquid; (f/A) 
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is the number of bubbles per unit time which reach a unit liquid surface; Dv is 
vertical dispersion coefficient; k is equilibrium constant defined as the ratio of 
surface concentration to bulk concentration of a component. 
2.6 SUMMARY 
Physical refining of semi-processed oil aims to remove undesirable components, 
such as oxidation products, free fatty acids and odoriferous and off-taste matter. 
Caustic refining coupled with high temperature deodorization, although efficient, 
gives rise to environmental and yield problems. Steam deodorization is an efficient 
but high temperature process which gives rise to a number of undesirable changes 
to the oil. These include: the formation of polymerization products, conversion of 
cis-isomers to trans, removal of valuable components such as vitamins and 
antioxidants and oil loss due to entrainment in the steam. There is therefore a 
need for alternative, milder procedures for refining of sunflower oil. To date, it has 
been shown that Nitrogen stripping at high temperatures and sub-atmospheric 
pressures can produce an oil with a quality comparable to that of steam refining with 
respect to acidity, peroxide value, phosphorous content and odour but lower 
tocopherol losses. Nitrogen stripping at low temperatures has been shown to 
remove volatiles from sunflower oil. 
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2.7 AIMS AND OBJECTIVES 
Nitrogen stripping at high temperatures has recently been shown to be a successful 
process in removing impurities from sunflower oil. To date, there is not a single 
literature report that characterizes the properties and dynamics of Nitrogen bubbles 
in sunflower oil. Furthermore, it has not been clearly established as to what extent 
Nitrogen bubbles are able to remove unwanted impurities from sunflower oil at 
temperatures below 170°C. The aim of this project was therefore to study Nitrogen 
bubble dynamics and Nitrogen bubble stripping of sunflower oil at temperatures 
below 170°C, at atmospheric and sub-atmospheric pressures. 
The salient objectives of this study were: 
• to investigate Nitrogen bubble dynamics and foaming characteristics of sunflower 
oil at atmospheric pressure, in the temperature range of 18-70oC. 
• to investigate Nitrogen bubble dynamics and foaming characteristics in sunflower 
oil at sub-atmospheric pressure and temperatures ranging from 25-150oC. 
• to examine the quality of sunflower oil that has been subjected to low 
temperatures and pressures. 
• to establish whether low temperature, Nitrogen bubble sparging has potential for 
stripping impurities from sunflower oil. 
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CHAPTER 3 
MATERIALS AND METHODS 
3.1 MA TERIALS 
3.1.1 BLEACHED SUNFLOWER OIL 
The sunflower oil provided by Elais, S.A., Greece for this project had been through 
a series of refining steps but had not been deodorized. Specifically, the oil had 
been degummed for the removal of phosphatides, bleached to remove colouring 
matter and oxidation products and filtered for separation of solid materials. Two 
batches of this partially treated sunflower oil were supplied either in plastic 5 I 
containers or in 16 Kg white tin containers. The oil was stored at OOC in 1 I plastiC 
containers, each with a headspace of nitrogen gas to prevent oxidation. The oil was 
COSHH assessed according to safety regulations, as shown in Table 3.1. 
Table 3 1 COSHH Assessment of Sunflower oil . 
Procedure: Bubble dynamics studies at atmospheric and sub-atmospheric pressures 
Activity: Transfer of sunflower oil from 5 I plastiC or 16 Kg white tin containers to 1 I 
plastic containers, glass beakers, glass bubble columns, sampling bottles. 
Sparging of sunflower oil at temperatures in the range of 18-150oC. 
Hazard Type N/A 
Description and There is no risk in normal handling of the 
Assessment of risk material. There is a bum risk during handling 
at temperatures in excess of 50°C. 
In case of floor spills, immediate cleaning is 
required to avoid slips. 
Measures for prevention Use of gloves when working at temperatures 
of exposure and risk in excess of 50°C. 
control 
Restrictions on use N/A 
Emergency procedures In case of burning a suitable cream should 
be used. For serious bums a doctor should 
be conSUlted. Floor spillages should be 
cleaned with hot water and detergent. 
.. AbbreViation: NlA - not applicable 
3.1.2 NITROGEN GAS 
Nitrogen gas (type 5.0) at 99.999% purity was supplied in 10 m3 steel cylinders at 
no cost by Linde Hellas, Greece. Nitrogen gas properties are shown in Table 3.2a. 
The nitrogen gas was also COSHH assessed according to safety regulations 
108 
(Table 3.2b). An FMD 100 pressure regulator with an SV100 regulating valve 
(Linde) were connected to the gas cylinder exit. The pressure regulator was 
equipped with two manometers, one indicating the pressure inside the gas cylinder 
and the other the pressure on the gas line. Pressure ranges in the regulator were 0-
200 atm and 0-3 atm respectively. The first pressure gauge denoted the pressure of 
the cylinder contents and gave an indication of the quantity 01 the gas remaining. 
The second manometer was set at 1 atmosphere. The room in which the gas was 
used was well ventilated to prevent suffocation. 
T bl 32 N·t a e .a I rogen gas prope rt" les 
Property Value 
Purity (vol. %) ~ 99.999 
Impurities (vpm) - O2 ::;; 3 
- H2O ::;; 5 
- CnHm ::;; 0.2 
-Ar ::;; 3 
Properties Compressed gas, non-flammable, 
non-toxic 
Chemical symbol N2 
Molar mass (g/mol) 28.013 
Boiling point (at 1.013 bar; °CJ -195.8 
Critical temperature (OC) -146.95 
Relative density (at 15°C, 1.013 bar; dry air-1) 0.967 
T bl 3 2b COSHH A t f N·t a e . ssessmen 0 I rogen gas 
Procedure: Bubble dynamics studies at atmospheric and sub-atmospheric pressures 
Activity: Nitrogen gas sparging of sunflower oil at 5-100 cm3/min, 
at atmospheric pressure and at sub-atmospheric pressures 
Hazard T~ee N/A 
Description and There is no risk in normal handling of the 
Assessment of risk material. Nitrogen is an inert gas and does 
not participate in chemical reactions under 
the conditions employed in the particular 
activities. The gas cylinder needs to be set-
up in a well-ventilated area to prevent 
suffocation. 
Measures for prevention Well ventilated area only. 
of exposure and risk 
control 
Restrictions on use Work to be done by named persons in 
restricted area. 
Work to be done in well-ventilated area. 
Emergency procedures Tum-off the gas supply by using the control 
valves on the gas cylinder. 
.. AbbreViation: N/A - not applicable 
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3.1.3 CLEANING MATERIALS 
A phosphate-free detergent (Neodisher-FLA by Dr Weigert Chemische Fabrik 
GmbH & Co, Germany) was used for cleaning of all glass equipment. The product 
was supplied at no cost by P. Kosmidis Medical Products Co, Athens, Greece. The 
recommended dosage was 2-6 mill. 
Both hot tap water and hot distilled water (Ionel S.A., Athens, Greece) were used 
for rinsing of equipment. The conductivity of the distilled water was maintained in 
the range of 0.3-1.5 JlS/cm (800,000 - 3,500,000 Ohm.cm specific resistance). 
3.1.4 VACUUM PUMP OIL AND HEATING OIL 
Hydraulic vacuum pump oil, type Bartran 32 (BP Greece Ltd), was used according 
to pump manufacturer recommendations. Silicone oil, type Rhodorsil 47V 350 
(Rhone-Poulenc Specialties Chimiques), which can withstand temperatures of up to 
200°C, was supplied by Moscholios Chemicals, Athens, Greece. This oil was used 
as a heating medium for heat transfer into the bubble columns for sub-
atmospheric pressure, high temperature experimental studies. Specifications for 
both oils are given in Table 1 (Appendix). 
3.1.5 CHEMICALS USED FOR THE ANALYSES OF SUNFLOWER OIL 
A list of the chemicals used for specified analytical experiments is shown below. All 
chemicals were supplied free of charge by Elais, S.A., Athens, Greece: 
a. Free fatty acid determination by titration 
• Ethanol 96°, commercial grade (Moscholios Chemicals, Athens, Greece) 
• Diethyl ether, analytical grade (Riedel-de Haen, Germany) 
• Phenolphthalein indicator ACS (Merck, Germany) 
• Sodium hydroxide ampoules(fitrisol : 1 molll or 1 N solution; Merck, Germany) 
b. Peroxide value determination by titration 
• Potassium iodide, analytical grade (Merck, Germany) 
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• Deionized water (Barnstead Nanopure column, supplied by Kakavoulis, Athens, 
Greece) 
• Glacial acetic acid, analytical grade (Merck, Germany) 
• Chloroform, analytical grade (Merck, Germany) 
• Sodium thiosulphate, solid, 100% purity (Merck, Germany) 
• Nitrogen gas, 98% purity, supplied in 10m3 gas cylinders (Air Liquide Hellas, 
Athens, Greece) 
c. Colour evaluation 
• Petroleum ether, commercial grade (Moscholios Chemicals, Athens, Greece) 
• Deionized water (Barnstead Nanopure column, supplied by Kakavoulis, Athens, 
Greece) 
d. Total phosphorus content determination 
• Iso-octane, analytical grade (Merck, Germany) 
• Lanthanum solution (0.5% wlv or 5000 ppm) (Merck, Germany), diluted to 50 
ppm in iso-octane. 
• SpeCified sunflower oil, i.e. a refined sunflower oil with a phosphorus content 
below 0.055 ppm for dilution in preparation of standards (Elais, S.A., Athens, 
Greece) 
• Lecithin Bolec Z gel (2% phosphorus content) (Conostan, Oklahoma, U.S.A.; 
supplied by Unilever URL, Vlardigen), diluted with a specified sunflower oil for 
preparation of standards 
• Standards: 0 ppm (sunflower oil free of phosphorus), 10, 20, 40 ppm (Elais 
S.A., Athens, Greece) 
• Argon inert gas, 99.999% purity (Linde Hellas S.A., Athens, Greece) 
e. Evaluation of organoleptic properties of oil 
• Drinking water 
• Commercial sunflower oil 
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3.2 EQUIPMENT AND METHODS 
3.2.1 EQUIPMENT AND METHODS FOR NITROGEN BUBBLE 
DYNAMICS AND FOAMING STUDIES OF SUNFLOWER OIL AT 
ATMOSPHERIC PRESSURE 
The experimental set-up for nitrogen sparging of sunflower oil at atmospheric 
pressure is shown in Figure 3.1. It consisted of a nitrogen -gas cylinder, a gas 
flowmeter, glass bubble columns and a thermostated water circulator. Further 
details are described in the following sections. 
3.2.1.1 EQUIPMENT 
3.2.1.1.1 Bubble columns 
Two similar, jacketed pyrex glass bubble columns (designated BC1 and BC2) were 
used for bubble dynamics and foam characterization studies (Figure 3.2). The 
columns had similar dimensions, height to diameter (HID) ratio of 3.7,6 cm outer 
diameter and 2.7 cm inner diameter. The columns were equipped with different 
porosity spargers, i.e. 20-30 J.Lm (G-3) and 5-15 J.Lm (G-4). Each column glass 
was etched with markings at distances of 5,7.5 and 10 cm from the sparger. The 
columns were constructed at the glass blowing unit of the University of Surrey, U.K. 
The bubble columns were open at both ends and were equipped with side-ports for 
draining of the oil. During the experiments, the upper part of each column was open 
to the atmosphere, whereas the bottom opening was closed with a sintered porous 
disc (or glass sparger) through which nitrogen gas was introduced into the oil. The 
spargers were secured in position to the columns with metal bands. A gas 
flowmeter delivering nitrogen at 1.64-17.65 cm3/min was used to control nitrogen 
flow (section 3.2.2.1.2). Temperature was controlled by circulation of water in the 
column jacket. 
Foaming experiments were carried out with three Pyrex glass columns (designated 
BC3, BC4 and BC5). These were fitted at the bottom with spargers Le. a 6xO.5 mm 
hole diameter ring sparger, a G-3 porosity sparger and a G-4 porosity sparger, 
respectively. Each column had identical dimensions, Le. 4 cm internal diameters 
and 2.5 height to diameter (HID) ratio. The top ends of the columns were open to 
the atmosphere. The bottom parts of the columns below the spargers were fitted 
112 
with nitrogen gas entry inserts, as shown in Figure 3.3. These columns were 
constructed by Mr G. Louvaris, Athens, Greece. 
Figure 3.1 Equipment for nitrogen sparging of sunflower oil at atmospheric 
pressure 
-
I 
3 
1 
4 Tl 
1: Nitrogen gas cylinder; 2: Flowmeter; 3: Bubble column; 4: Churchill thermo-
circulator 
11 3 
3 
1 
4 5c 
6 
8 
9 
Figure 3.2 Bubble column for nitrogen 
bubble dynamics studies at atmospheric 
pressure (BC1, BC2) 
1: Column; 2: Water jacket; 3: Water 
outlet; 4: Water inlet; Sa: 10 cm mark; 
5b: 7.5 cm mark; 5c: 5 cm mark; 
6: Side-port; 7: Porous disc sparger; 
8: Glass bead packing; 9: Gas entry 
Sparger porosity: BC1: 20-30 Jlm (G-3) 
BC2: 5-15 Jlm (G-4) 
Dimensions: 
HID: 3.7· Diameter: 2.7 cm 
1 
Figure 3.3 Bubble column for sunflower 
oil foaming studies at atmospheric 
pressure (BC3, BC4 and BC5) 
1: Column; 2: Sparger; 3: Gas line 
insert; 4: Gas entry 
Sparger porosity:BC3:ring sparger (6xO.5 mm) 
BC4: 20-30 Jlm (G-3) 
BC5: 5-15 Jlm (G-4) 
Dimensions: 
HID: 2.5· Diameter: 4 em 
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3.2.1.1.2 Summary of Bubble column specifications 
Two sintered glass spargers, G-3 and G-4, were used for the generation of 
bubbles of different sizes in bubble columns BC1 and BC2 (Figure 3.2). Both were 
constructed at the glass blowing unit of the University of Surrey, U.K. Orifice 
diameter ranges of these spargers are 20-30 f..lm and 5-15 f..lm, respectively. 
Bubble columns BC3, BC4 and BC5 (Figure 3.3) were fitted with different spargers. 
One column had a ring sparger with 6 x 0.5 mm holes. The other two columns 
were equipped with G-3 and G-4 spargers, respectively. 
T bl 33 B bbl a e . u 'fi e co umn speci lcatlons 
Bubble column BC1 BC2 BC3 BC4 BC5 
Experimental Bubble Bubble Foam Foam Foam 
study dynamics dynamics properties properties properties 
HID 3.7 3.7 2.5 2.5 2.5 
Diameter (em) 2.7 2.7 4 4 4 
Sparger G-3 G-4 6xO.5 mm G-3 G-4 
Sparger porosity 20-30 f..lm 5-15 f..lm 20-30J.l.m 5-15/.1m 
3.2.1.1.3 Temperature regulation 
A Churchill water heater-circulator (Churchill Instrument Co Ltd, UK; Figure 3.1) 
was kindly provided by the Oils and Fats Laboratory of the Technological 
Educational Institute of Athens, Greece. It was used both for circulating hot water 
into the column jacket and for temperature control. An error of ±1 °c was found at 
all the selected operating temperatures i.e. 18±1°C, 25±1°C, 50±1°C and 70± 
1°C. 
3.2.1.1.4 Connections 
Flexible rubber tubing was used for all connections from the gas cylinder to the 
gas flowmeter, and to the sinter glass sparger. All connections were secured with 
plastic fixtures. A 0.2 f..lm PTFE filter (Whatman, #1454) was inserted in the gas 
line connected to the sparger. 
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3.2.1.1.5 Photography equipment 
Two cameras were used for bubble photography studies. The first, was a 52 mm 
Cannon AE-1 camera fitted with a Tele-macro lens (80-210 mm L-16 CF; 
Tamron, Japan). The second, was a 35-80 mm Cannon EOS camera fitted with a 
Kenko No 10 close-up lens (Kenko Co Ltd, Tokyo, Japan). The first camera (AE-
1) was supported on a Vanguard VT-152 tripod (Vanguard, Germany). One or two 
light sources were set at the scene: one light source was placed behind the 
column, for the low temperature experiments. For the high temperature 
experiments, two light sources were placed at 45° angles to the camera. High 
sensitivity colour films, Fuji 1600 ASA and 400 ASA, were used for the AE-1 and 
EOS cameras, respectively. 
3.2.1.1.6 Heating of sunflower oil 
A heating plate (BamsteadlThermolyne, U.S.A.) was used for heating sunflower oil 
prior to bubble sparging studies. The heating plate was kindly provided by the 
Brewing Laboratory of the Technological Educational Institute of Athens, Greece. 
3.2.1.2 METHODS 
3.2.1.2.1 Temperature distribution profile in the Bubble columns 
Temperature distribution was examined in all bubble columns at 18, 25, 50 and 
70°C for bubble columns BC1 and BC2, and at 25°C for bubble columns BC3, 
BC4 and BC5. The columns were filled with oil to the 10 cm level. Thermometers 
were immersed in different parts of the column, i.e. one in the center and two near 
the wall at depths of 0, 5 and 10 cm. The temperatures were recorded over a 
period of 15 minutes, after set point temperatures had been achieved. 
3.2.1.2.2 Cleaning protocol for Bubble columns 
Filtered nitrogen gas was sparged through the bubble columns at all times during 
cleaning to prevent the sinter from clogging. The bubble columns were half filled 
with hot tap water. 10 ml of phosphate-free detergent (FLA) were added and the 
columns were filled to the brim with hot tap water and left to soak for 10 minutes. A 
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brush was occasionally used for scrubbing. The detergent solution was emptied 
and the columns were rinsed by refilling with hot tap water and left to soak for 
another 10 minutes, with intermittent scrubbing. Rinsing with hot water was 
repeated three times. The whole procedure of cleaning was repeated once more. 
Finally, the columns were rinsed three times with copious amounts of hot, distilled 
water with soaking and scrubbing again between each rinse~ Next, the columns 
were clamped upside down and left overnight to dry. 
3.2.1.2.3 Nitrogen blanketing of sunflower oil 
Bleached sunflower oil was supplied in 5 I plastic containers and thereafter stored 
in 1 I transparent plastic bottles under a nitrogen gas blanket. The gas flow rate in 
the 150 mm flowmeter (section 3.2.2.1.2) was set at 200 cm3/min and gas 
introduction was initiated. A funnel with a silicone tubing extension was introduced 
into the bottle and filling of the bottle with oil was simultaneously carried out during 
nitrogen gas sparging of the oil. When the bottle was completely full, gas flow was 
stopped and the bottle was completely covered with aluminium foil to reduce 
exposure to light, sealed tightly and placed in the refrigerator at OOC. 
3.2.1.2.4 Bubble dynamics studies in sunflower oil at atmospheric 
pressure using Bubble columns BC1 and BC2 
The column jackets of BC1 and BC2 were filled with tap water. The Churchill 
thermocirculator temperature was set to the specified value for heating and water 
recirculation was started. The nitrogen-line pressure regulator was set at 1 
atmosphere. 80 ml of sunflower oil sample were poured into a clean beaker, which 
was then placed on the heating plate in order to heat the oil to the required 
temperature. A thermometer (0-100oC) was used for the recording of oil 
temperature and a glass rod was used for stirring. The photographic equipment 
and the tripod were positioned carefully on permanent markings on the floor. 
Nitrogen gas was introduced at 5 cm3/min and the bubble column was carefully 
filled with heated sunflower oil, up to the 10 cm marker. The light sources were 
only switched on immediately before taking photographs to avoid formation of hot 
spots in the column. Bubble photographs were taken at 5, 30 and 60 minutes for oil 
heated at temperatures of 18, 25, 50 and 70°C. The camera settings for 
photography are shown in Table 3.4. Accuracy of temperature recording was ±1°C. 
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At the end of each experimental run the column was carefully cleaned, always 
following the same cleaning protocol as described in section 3.2.1.2.2. 
T bl 34 C a e . tf ~ h t h amera se Ings or pi 0 ograpllY 
Bubble Camera distance from Shutter Diaphragm 
Photography bubble column (cm) speed (s) setting (f) 
High temperature 110 1/1000 5.6 
Low temperature 2.5 1/1000 5.6 
Foam photography 1.1 1/250 5.6 
3.2.1.2.5 Foaming experiments using Bubble columns BC1 and BC2 
The nitrogen sparging procedure used was similar to that described in the previous 
section for bubble dynamics stUdies. Experiments were conducted at 18, 25, 50 and 
70°C with a ±1°C accuracy. Foaming behaviour of sunflower oil was assessed as 
follows: 
i) Determination of foamability and foam stability: The oil was sparged for 60 
mins and changes in foam height were measured with a ruler after 5, 30 and 60 
mins . 
. ii) Foaming rate: The height of the foam (ht, cm) was measured after 5, 30 and 60 
minutes of sparging. Then the foam volume (Vt, cm3) was calculated from the 
equation 
v, = (n.rrI4). h, (3.1a) 
where 0 is the column diameter (cm). Foaming rate (Rt, cm3/min) was determined 
as follows (Zhang, 1993) 
R, = V,It (3.1 b) 
where t is the time interval (min). 
3.2.1.2.6 Foaming experiments using Bubble columns BC3, BC4 and 
BC5 
These experiments were carried out at atmospheric pressure and low temperature 
(25±2°C) to investigate the effect of sparger porosity and gas flow rate on 
foamability and foam stability of sunflower oil. The experimental procedure followed 
was similar to that described above for bubble columns BC1 and BC2. Foam 
heights were recorded every 5 minutes for a total of 60 minutes of sparging. 
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Experiments were carried out at gas flow rates of 5, 15 and 100 cm3/min. Oil level 
was 10 cm, i.e. the oil volume was 125.6 cm3. 
3.2.1.2.7 Bubble measurements 
-
Bubble sizes were measured manually from photographic prints obtained for two 
defined regions: 
1. the formation region, a distance of 0-3 cm away from the sparger, and 
2. the rising region, a distance of 3-10 cm away from the sparger. 
Bubble photo-prints obtained with the AE-1 camera were enlarged on a computer 
(IBM 486) with the aid of a Hewlett Packard Scan Jet liP scanner (Figure 3.4); 
bubble photo-prints obtained with the EOS camera were used as such. Bubble size 
measurements of the major (a) and the minor (b) axes were taken directly from the 
computer or photography prints. The magnification (m) is the ratio of the size of an 
enlarged image (i) divided by the actual size of the object (a): 
; 
m=-
o 
(3.2) 
For these studies the column intemal diameter was used as the object image for 
calculating magnifications. Thereafter, bubble axes measurements obtained directly 
from the scanned or photography prints, were divided by the magnification to give 
the true bubble size, parameters a' and b' (example, Table 3.5). Bubble sizes were 
reported for both detached and rising bubbles. Photography of bubbles attached to 
the sparger was not possible due to poor visibility and lack of specialized 
equipment such as insertable probes capable of high resolution and magnification. 
Results were used for creating bubble size distribution diagrams and for the 
estimation of mean bubble diameters. 
Sauter Mean Bubble Diameters 
Mean bubble diameters were determined by the Sauter Mean Diameter (S.M.D.) 
method, which is described by equation 3.3a below (Parthasarathy and Ahmed, 
1996; Biswal et ai, 1994; McCabe et ai, 1994; Zhang, 1993; Akita and Yoshida, 
1974) 
(3.3a) 
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Figure 3.4 Scanned and magnified image of bubbles photographed in nitrogen 
sparged sunflower oil 
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Table 3.5 Example of bubble size measurements and calculations carried out for 
b bbl d' t u e Iynamlcs exp_enmen s 
EXPT R40A 
REGION FORMATION RISE 
TIME 30 mins 
MGNFN 4.22 (11.412.7) 4.22 (11.412.7) 
Bubble counts a b a' b' ds ds3 ds2 a b a' b' ds ds3 
1 6 3 1.42 0.71 1.13 1.43 1.27 7.5 3.5 1.78 0.83 1.37 2.59 
2 4.5 2.5 1.07 0.59 0.88 0.68 0.77 8 4 1.90 0.95 1.50 3.36 
3 7 4 1.66 0.95 1.37 2.58 1.88 9 4 2.13 0.95 1.62 4.25 
4 6 3.5 1.42 0.83 1.19 1.67 1.41 8 4 1.90 0.95 1.50 3.36 
5 5 3 1.18 0.71 1.00 1.00 1.00 7.5 3.5 1.78 0.83 1.37 2.59 
6 5 3 1.18 0.71 1.00 1.00 1.00 6.5 3 1.54 0.71 1.19 1.68 
7 5 3 1.18 0.71 1.00 1.00 1.00 7 3.5 1.66 0.83 1.31 2.26 
8 5 3 1.18 0.71 1.00 1.00 1.00 6.5 3.5 1.54 0.83 1.25 1.95 
9 7.5 4 1.78 0.95 1.44 2.96 2.06 8.5 4 2.01 0.95 1.56 3.79 
10 5 2.5 1.18 0.59 0.94 0.83 0.89 8 3.5 1.90 0.83 1.43 2.95 
11 8 4 1.90 0.95 1.50 3.36 2.25 10 4 2.37 0.95 1.74 5.23 
12 5.5 2.5 1.30 0.59 1.00 1.01 1.00 9 3.5 2.13 0.83 1.55 3.72 
13 6.5 3 1.54 0.71 1.19 1.68 1.41 5.5 3 1.30 0.71 1.06 1.21 
14 6.5 3 1.54 0.71 1.19 1.68 
15 7 3.5 1.66 0.83 1.31 2.26 
16 6 2.5 1.42 0.59 1.06 1.20 
17 6 3 1.42 0.71 1.13 1.43 
18 4 2 0.95 0.47 0.75 0.43 
19 7 4 1.66 0.95 1.37 2.58 
20 7.5 3.5 1.78 0.83 1.37 2.59 
21 7 3.5 1.66 0.83 1.31 2.26 
22 6.5 3 1.54 0.71 1.19 1.68 
23 6 3 1.42 0.71 1.13 1.43 
24 7 3.5 1.66 0.83 1.31 2.26 
25 7 3.5 1.66 0.83 1.31 2.26 
26 4.5 2.5 1.07 0.59 0.88 0.68 
27 8 3.5 1.90 0.83 1.43 2.95 
28 5.5 2.5 1.30 0.59 1.00 1.01 
29 7 3.5 1.66 0.83 1.31 2.26 
SUM 20.20 16.90 65.30 
S.M.D. 1.19 1.36 
'. '. Symbols: a: photo major bubble axiS, b. photo minor bubble axiS, a. real major bubble axiS, b . real minor bubble axiS, 
ds: bubble equivalent spherical diameter, EXPT: experiment, MGNFN: magnification; S.M.D: Sauter mean bubble 
diameter (a, b are in em; a', b', ds, S.M.D. are in mm.) 
where d 32 = Sauter mean bubble diameter 
ni = number of bubbles with diameter dsi 
dsi = equivalent spherical diameter of bubble i 
Equivalent spherical diameters, ds, were calculated from the following equation 
ds2 
1.89 
2.25 
2.62 
2.25 
1.89 
1.41 
1.72 
1.56 
2.43 
2.06 
3.01 
2.40 
1.13 
1.41 
1.72 
1.13 
1.27 
0.57 
1.88 
1.89 
1.72 
1.41 
1.27 
1.72 
1.72 
0.77 
2.06 
1.00 
1.72 
48.00 
(3.3b) 
where a'= major axis of bubble 
b'= minor axis of bubble 
A full set of values of bubble sizes is shown in Table 3.5. For each experiment 
triplicate values of S.M.D. were determined. 
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3.2.2 EQUIPMENT AND METHODS FOR NITROGEN SPARGING OF 
SUNFLOWER OIL AT SUB-ATMOSPHERIC PRESSURE 
The experimental set-up comprised the following major parts: a gas cylinder, a 
bubble column, a heating bath, an oil trap, a volatiles trap and a vacuum pump. 
Auxiliary parts of the system included two gas flowmeters, a heating coil, a 
temperature measurement and control module and a pressure measurement 
module (Figure 3.5). 
3.2.2.1 EQUIPMENT 
3.2.2.1.1 Bubble column for sub-atmospheric operation 
A custom designed bubble column was constructed by Mr G. Louvaris, Athens, 
Greece. The bubble column was a 35 cm tall (H/D=1) cylindrical pyrex glass 
vessel with a conical bottom. The detailed dimensions are shown in Figure 3.7. 
The bubble column was designed specifically to avoid air leaks into the system 
during vacuum operation. A G-3 porosity sintered sparger which covered the whole 
base area was fitted to the base of the cylindrical part. An O-ring was inserted 
between the column and the column cover. The cover was held in position with a 
318 stainless steel tightening ring (cp126 - 155mm) (Norma 143, DN100). The cover 
was equipped with four glass ports: a port for connection to the vacuum line; a 
temperature sensor port; a combined sampling/oil feed port and a port for the 
connection of a pressure gauge. This bubble column was operated under vacuum 
and is thus designated as voe (Le. vacuum operated column or contactor). 
During vacuum operation, all ports were closed with compatible quick-fit fittings 
(Figure 3.6). The vacuum line port was fitted with a 3-way glass valve (Insert, 
Figure 3.6). Appropriate rotation of the valve offered three options: (i) opening of 
the vacuum line, (ii) exhaust to the atmosphere and (iii) isolation of the column. 
The temperature probe was introduced via an oil filled, closed glass tube. A plastic 
NS 24/29 (Brand, Germany) stopper was used to seal the sampling port. A simple 
glass fitting with a glass tube connector was used to connect the pressure gauge to 
the bubble column. All glass fittings were of quick-fit B19 specification. The section 
of the gas line that was connected directly to the bubble column was constructed 
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Figure 3.5 Custom designed rig for sunflower oil refining using nitrogen bubbles , at 
sub-atmospheric pressures 
12~ 
13 
Vacuum 
pump 
Traps 
11 4 
6 
Bubble column 
and Heating bath 
NV2 
8 
5 
Gas flowmeter 
2 
1 
Gas 
cylinder 
1: Gas cylinder; 2: Manometers; 3: Gas flowmeter; 4: Bubble column; 5: Heating 
bath ; 6: Heating coil ; 7: Sampling/oil introduction port; 8: Pressure gauge; 
9:Temperature sensor; 10: Connection to vacuum pump; 11: Oil trap ; 12: 
Volatiles trap ; 13: Vacuum pump 
SYMBOLS 
Vacuum pump txIValve Y Readout 
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Figure 3.6 Bubble column and associated connections 
6 
1: Bubble column; 2: G-3 porosity sparger; 3: G-2 detachable porous disc; 4: epdm 
plastic tube connection with screwable ring; 5: Gas line; 6: Round connection; 7: 
Gas line; 8: Column cover; 9a: Screwable tightening ring; 9b: Sealing O-ring; 10: 
Connection to vacuum pump; 11a: Temperature probe inlet and temperature 
probe; 11b: Detachable oil filled glass tube for insertion of temperature probe; 12: 
Sampling loil introduction port; 13: Pressure gauge connection 
Suppliers: Items 1, 2, 3, 8, 9a, 10, 11b, 12, 13 : G. Louvaris, Athens, Greece; Item: 4 
Umber, S.A., Athens, Greece; Item: 9b P. Giannakopoulos, Athens, Greece; Items: 5, 6, 7 
29 cm 
~ 
3cm 
i ~ 6cm 
35cm 
10. cm 
Figure 3.7 Bubble column dimensions 
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from S-shaped 316 stainless steel (supplied by Andreolas, Athens, Greece and 
constructed by Mr. A. Tsatsoulis, Athens, Greece). The remaining sections of the 
gas line were made of PVC tubing. A second, detachable porous disc (G-2 sinter) 
was introduced between the neck of the bubble column part and the stainless steel 
gas line. This second sinter aided in the dispersion of incoming nitrogen gas. 
The bubble column was supported by a custom designed, iron tripod shown in 
Figure 3.B. The tripod consisted of two hemispherical collar parts fixed to three 
adjustable iron legs. This construct enabled easy handling and rotation of the 
column for various operations. The base was designed by Mr D. Papacrivopoulos, 
TEV S.A., Athens, Greece and constructed by Mr G. Nounos, TEV S.A., Athens, 
Greece. 
Perimeter: 37 cm 
1 4 cm 
40 cm 
Figure 3.8 Custom designed tripod for Bubble column 
3.2.2.1.2 Associated experimental equipment for sub-atmospheric 
pressure studies 
The following section describes additional associated equipment used for nitrogen 
bubble sparging studies at sub-atmospheric pressure (Figure 3.5). 
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(a) Heating Bath and Heating Coil 
The vacuum operated bubble column was immersed in a heating bath. A 
rectangular bath (30 cm x 30 cm x 50 cm) with pyrex glass sides fitted to a metal 
frame was used to heat the bubble column contents for the experiments at 25 and 
50°C. The pyrex glass sides were sealed on the metal frame with silicone glue 
(construction by Mr G. Louvaris, Athens, Greece). This pyrex glass/metal frame 
combination bath could not be used at high temperatures because of internal 
cracking of the pyrex glass sides. At the higher temperatures of 100 and 150°C, 
a rectangular galvanized steel bath (32 cm x 32 cm x 38 cm) was used. Rockwool 
slabs (100 kg/m3 density and 3 cm thickness) were cut to size and used to insulate 
the metal bath on the four sides and its bottom. The slabs were supplied by 
Asphaltopan S.A., Athens, Greece. 
non-heated length 
immersion length 
coil wire diameter 1 spacing between coil rounds 
heating coil diameter 
Figure 3.9 Schematic representation of heating element 
A 500 W stainless steel, two-rounded heating coil (Stahl 321; Orall Hellenic Co., 
Athens, Greece) was immersed in the bath (Figure 3.5). The low wattage heating 
element was selectively designed to provide uniform bath temperature and fine 
control. The heating coil which is shown in Figure 3.9, had the following 
specifications: 
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T bl 36 S ·ft f a e . >peci lca Ions 0 f h f ea Jng eemen t 
Specification Value 
Coil wire diameter (mm) 8.5 
Spacing between coil rounds (mm) 8.5 
Heating coil diameter (m) 0.2 
Total coil length (perimeter of the two rounds) 1.2 
(m) (heating coil length minus immersion length) 
Immersion length (straight) 2xO.5 (m) 0.5 
Total heating coil length (m) 1.7 
Non-heated length (2x0.1) (m) 0.2 
Total heating element length (m) 1.9 
(b) Gas Flowmeters 
At low gas flow rates a 65 mm rotameter (type 042-078T; Aaborg, Monsey, New 
York, U.S.A.) with a 316 stainless steel floater with float density of 8.04 g/ml was 
used during nitrogen gas sparging. This flowmeter carried a 0-65 scale reading and 
was calibrated by the manufacturer for nitrogen flow with minimum and maximum 
flow rates of 1.64 and 17.65 cm3/min, respectively. At high gas flow rates a 150 
mm rotameter with a 316 stainless steel floater with float density of 8.04 g/ml (type 
062-018T; Aaborg, Monsey, New York, U.S.A) was used. Scale readings were 10-
150 and corresponded to minimum and maximum nitrogen flow rates of 33.9 and 
2"71.2 cm3/min, respectively. Both flowmeters were supplied by Katsaros 
Automation Systems S.A., Athens, Greece. Calibration data for both flowmeters as 
supplied by the manufacturer are given in Appendix (Table 2). These flowmeters 
were intended to be used to control and measure nitrogen gas flow. However, this 
was found to be possible only during atmospheric pressure operation. During sub-
atmospheric pressure operation, the flowmeters did not indicate the set gas flow 
value because the floater was dragged to the top end of the flowmeter tube. 
During sub-atmospheric pressure operation, nitrogen flow control was achieved by 
the needle valve (NV1) that was installed immediately after the exit port of the 
flowmeter. 
(c) Temperature and Pressure measurement 
A PID temperature controller (model 844, analogic; Thermosystems, Italy) with a 0-
300°C range was used for measurement and control of heating at set operating 
temperatures. The temperature controller was connected to the heating coils and to 
a temperature probe (Fe-Cost, 2000 mm x 0.6 mm; Thermosystems, Italy). Both 
instruments were supplied by Katsaros Automation Systems S.A., Athens, Greece. 
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Pressure measurement during vacuum operation was carried out using a digital 
readout (PR-2000 Analogic, type PR- 2003-0; MKS Instruments Deutschland 
GmbH). The measurement range of this equipment was 0-100 mbar. This was 
connected to the column via a pressure transducer (type 122 AA-001 00 ABS; MKS 
Instruments Deutschland GmbH). A thick heavy duty air hose (10 mm x 25 mm 
inner and outer diameter, respectively) was used to connect the pressure 
transducer to a port on the VOC. The hose was tightened in position at both ends 
with screwable rings. Both instruments were provided by Elais S.A., Athens, 
Greece. 
(d) Vacuum pump 
An oil ring vacuum pump (RB 4D model 9601032; D.V.P. Vacuum Technology 
s.l.r., Bolognia, Italy) was used to create and maintain sub-atmospheric pressures in 
the VOC during vacuum operation. The pumping speed was 4 m3/h and the total 
final pressure was 0.01 mbar. The pump was supplied by Marco-Pumps S.A., 
Athens, Greece. The pump was equipped with a port for connection to the vacuum 
vessel (VOC) , a port for introduction of pump oil and exhaust, a ballast and a pump 
sealant oil drain. A ball valve was implemented via aT-joint at the VOC connection 
to the pump side. This valve was used for opening the system to the atmosphere at 
the end of vacuum operation. This was found to be necessary to avoid a pressure 
difference that would have caused siphoning of pump sealant oil into the volatiles 
trap. 
(e) Oil and Volatiles collection traps 
Two traps (250 ml volume) were connected in the vacuum line between the VOC 
and the vacuum pump. The first trap was fitted to collect oil carry over from the 
bubble column in case of operational problems such as foaming. The second trap 
was fitted in order to collect condensed volatiles, produced during vacuum 
operation. The volatiles trap was packed with 4 mm diameter glass beads (Bacacos 
S.A., Athens, Greece) to increase the surface area to volume ratio for 
condensation of the volatiles. The volatiles trap was immersed in a double-walled 
318 stainless steel ice bath which was maintained at OoC. Both traps and their 
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associated fittings were constructed from pyrex glass and supplied by Mr G. 
Louvaris, Athens, Greece. 
(1) Connections 
All connections from the gas cylinder leading to the column were made from PVC 
air tubing 10 mm (1/4 inch) diameter (Hydrodynamic S.A., Athens, Greece), with the 
exception of a 50 cm line directly connected to the VOC, which was constructed 
from stainless steel. Connections from the VOC to the vacuum pump via the oil 
and volatiles traps were made of heavy duty air hose (12 mm o.d., 10 mm Ld., 
supplied by Technomatic S.A., Athens, Greece). 
(g) Auxiliary equipment 
A 2 I glass beaker was required for the transfer of pre-heated sunflower oil into 
the VOC. 10 ml dark sampling bottles and 10 ml sampling pipettes were supplied by 
Scientifica Ltd, Athens, Greece. Plastic bottles for storage in 1 I aliquots of oil were 
provided by Elais S.A., Athens, Greece. 
3.2.2.2 METHODS 
3.2.2.2.1 Cleaning of VOC and auxiliary parts 
The temperature sensor, pressure gauge connection, vacuum pump connection and 
sampling port cover were all disconnected. The oil was discharged by turning the 
VOC upside-down, and line to the gas cylinder was disengaged. The column cover 
tightening ring was unscrewed and released. The VOC cover and sealing O-ring 
were also removed. The VOC bottom part was disassembled and the G-2 porous 
disc and gas line were dismantled. The covers of both traps and packing were 
removed. Fittings to the ports in the column cover were removed from the 
connecting piping and the temperature probe holder was emptied. Vacuum pump oil 
was drained. 
The VOC cover and its tightening ring, G-2 filter, gas line and associated 
connections were cleaned at 6SoC in a washing machine (Miele, Germany) using 
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50 ml of liquid detergent (FLA). The two traps, vacuum pump connection, pressure 
gauge connection, temperature sensor tube, sampling port cover and all tightening 
rings were also washed in the machine. At the end of the wash, all items were 
rinsed twice with hot distilled water. The volatile trap packing was emptied in a 
sieve, immersed in a bucket filled with 1 I of 1 % (v:v) hot detergent solution (FLA) 
and left to soak for 10 minutes. Then, it was rinsed with copious amounts of hot tap 
water. The procedure was repeated twice, followed by two final rinses with hot 
distilled water. Finally, all items were placed in a hot air oven at 180°C for 30 
minutes to dry. Once a week, the heating coil was wiped with a clean cloth to 
remove scale. 
The column was half filled with hot tap water and 50 ml of detergent (FLA) were 
added. The column was filled to the brim with hot tap water and left to soak for 10 
minutes while occasionally scrubbing with a brush. The detergent solution was 
emptied, the column was filled with hot tap water, left to soak for 10 minutes and 
another brush was used for scrubbing. Rinsing with hot tap water was repeated 
three times. Then, the column was turned upside down and the same procedure 
was repeated in order to clean the bottom conical part of the column, i.e. below the 
sinter. This time, 10 ml of detergent were used and the column was emptied when 
the liquid level reached one third of the height of the bottom part. The column was 
again positioned straight up and the cleaning procedure for the main column body 
was repeated. Finally, the column was rinsed with 4 I of hot distilled water, while 
occasionally scrubbing with a third brush. 
10 ml glass pipettes which were used to sample the oil were immersed in a 1 I 
volumetric cylinder filled with 1 % (v:v) hot detergent solution (FLA) and left to soak 
for 10 minutes. The pipettes were rinsed with copious amounts of hot tap water. 
The procedure was repeated, followed by two final rinses with hot distilled water. 
Glass beakers and funnels were cleaned in the washing machine. All glassware 
was dried in a hot air current at 180°C for 30 minutes. 
The clean bubble column was reassembled, turned upside and sparging with 
nitrogen gas was carried out via valve NV2 with valve NV1 closed for 5 minutes 
to remove excess water. The column cover, connections, oil trap and volatiles trap 
were re-assembled. Silicone cream was applied to all fittings to ensure tight sealing. 
The vacuum pump was re-filled with oil, connected to the column and switched on 
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in order to remove moisture and to prevent the sinter from blocking. Vacuum 
operation was continued until the pressure gauge read 0.6 mbar. This was an 
indication of complete moisture removal from the system. 
3.2.2.2.2 Sub-atmospheric pressure maintenance in VOC 
Sub-atmospheric pressure in the vac was controlled by a combination of nitrogen 
gas removal by the vacuum pump and nitrogen gas entry into the column. The 
vac was always operated at 3 mbar. Pressure regulation was carried out by fine 
tuning of a needle valve placed between the flow meter and the column (NV1). The 
needle valve (NV1) was first fully opened, i.e. by eight full rounds. Nitrogen gas 
flow was initiated and gas flow rate was set to 100 cm3/min via the rotameter. The 
vacuum pump and pressure recorder were switched on and gas flow rate was 
checked and adjusted with ball valve (BV2) located at the exit of the flowmeter 
momentarily open. When needle valve (NV1) was closed by il2 to il4 rounds, a 
pressure of 3 mbar was achieved in the vac. A notable effect during vacuum 
operation was that the gas flowmeter no longer recorded a value of 100 cm3/min. 
Instead, the float was always at the top end of the rotameter, suggesting that a gas 
flow greater than 100 cm3/min was being transferred into the vac during vacuum 
operation. During vacuum operation gas flow was controlled via needle valve (NV1). 
It was also observed that during all vacuum operational runs, the gas cylinder exit 
pressure had dropped from 1 atm to 0.8 atm, suggesting a change in gas flow into 
the vac. A checking procedure was used whereby, the ball valve (BV2) was 
opened and the gas cylinder pressure gauge was re-adjusted to 1 atmosphere. 
Each time that this procedure was carried out, the gas flowmeter registered 100 
cm3/min at atmospheric pressure. 
3.2.2.2.3 Nitrogen blanketing of sunflower oil samples 
Bleached sunflower oil was supplied in 16 Kg white tin containers and thereafter 
stored at OoC in 1 I transparent plastic bottles under a nitrogen gas blanket as 
described in section 3.2.1.2.3. 10 ml sample bottles were kept under a nitrogen 
blanket prior to filling with sunflower oil. For nitrogen blanketing of these bottles the 
procedure was as follows: Five uncapped sample bottles were placed inside a 250 
ml glass container closed with a cap carrying a nitrogen gas inlet tubing and an air 
outlet tubing. The samples were headspace gassed with nitrogen for about 20 
minutes. The bottles were quickly removed one by one from the container and their 
caps were screwed on immediately. 
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3.2.2.2.4 Nitrogen gas sparging of sunflower oil 
Sparging was carried out at temperatures of 2S, SO, 100 and 1S0oe at a gas flow 
rate of 100 cm3/min. Temperature variation in the column ranged in the order of ± 
3°e from the required working temperature. The voe was operated in two modes: 
(i) One stage operation under vacuum, and 
(ii) Two stage operation i.e. a sequential use of atmospheric pressure and vacuum 
(combined operation). During vacuum operation, the working pressure was 3±0.3 
mbar. Triplicate experiments for each set of operating conditions were performed. 
(i) One stage vacuum operation 
The heating bath was filled with water for operation at 2S and sooe or silicone oil for 
operation at 100 and 1S0oe. The heating coils and the cleaned, dry voe were 
immersed in the bath. The voe cover fittings were placed in the appropriate 
positions and the column was attached to the rest of the gas lines and vacuum 
system, shown in Figure 3.S. 
The volatile trap was immersed in the ice bath. The pressure gauge was switched 
on and vacuum operation was started in order to remove any moisture that may 
have collected in the empty column. Vacuum operation was stopped when the 
pressure gauge read 0.6 mbar. To stop vacuum operation, the pump was switched 
off, and the exhaust valves were opened. Next, the gas flow rate was adjusted to 
100 cm3/min, and vacuum operation was started again until the pressure gauge 
read 1.S mbar. This took approximately 1 minute and it was a means of ensuring 
that the system was sealed and there were no air leaks. Vacuum operation was 
stopped again and the pre-heated to operating temperature oil was carefully poured 
into the column through a funnel. Vacuum operation was re-started, nitrogen gas 
flow rate was re-adjusted to 100 cm3/min and needle valve (NV1) was closed by 
il2 to 71/4 turns to give a pressure gauge reading of 3 mbar. The oil was sparged 
under vacuum at sub-atmospheric pressures of 3 mbar for 4 hours. 
(ii) Two stage combination of atmospheric pressure and vacuum 
The heating bath was filled either with water or silicone oil depending on whether 
operation was to be carried out at low or high temperatures. The temperature 
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controller was set to the required temperature and heating was initiated. All column 
connections were checked, and a similar to vacuum operation procedure was 
followed for moisture removal, checking of seals and oil introduction. Firstly, the 
gas flow rate was adjusted to 100 cm3/min and the column was sparged at 
atmospheric pressure. 
3 x 10 ml samples were taken after 1 hour of operation at atmospheric pressure. 
Next, the vacuum pump was switched on, the gas flow rate was adjusted to 100 
cm3/min and the needle valve (NV1) was closed by il2 to il4 turns or until the 
pressure gauge read 3 mbar. The column was sparged for 3 more hours under 
vacuum. 
During vacuum operation, 3 x 10 ml samples were taken every hour after initiation 
of nitrogen gas sparging of sunflower oil. Therefore a total of 12 samples were 
collected during a 4-hour run, and stored at OOC for analytical studies. At the end 
of each run, the vacuum line, the sampling port and pressure gauge fittings 
were removed. The column was taken out of the heating bath, the temperature 
sensor fitting was removed and the column contents were discharged in a clean 
and dry bucket. 200 ml of this oil were emptied into a 250 ml plastic sample vial 
which was then sealed, labeled, covered with aluminium foil and stored in a 
refrigerator at OOC. These latter samples were used for organoleptic evaluation. 
Samples of vacuum pump oil were also collected, because it was suspected that 
some volatiles may have dissolved in the pump oil. After completion of a run, 
vacuum pump oil was allowed to drain in a clean and dry beaker for 10 minutes. 3 x 
10 ml samples were collected in nitrogen blanketed vials, labeled in a similar 
manner as sunflower oil samples and stored in a deep freezer at -18°C for future 
analyses. 
Sample labeling: 
A letter V for vacuum operation or a letter C for combined operation was followed by 
the temperature value i.e. 25, 50, 100 or 150; the time, i.e. 1, 2, 3 or 4 for samples 
taken after 1, 2, 3 or 4 hours of operation; a slash and latin numbers I, " or '" to 
denote repeated experiments. For example, for the first of a triplicate set of 
experiments at 25°C, the sample taken after two hours of operation was labeled as: 
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V25211. Samples for organoleptic evaluation carried additional labels from the 
alphabet, nominated randomly to them; however, repeat experimental samples 
carried the same letter and were distinguished by a number. For example, in a 
sample designated A2 the letter A denoted a run under vacuum at 25°C, whereas 
number 2 showed that the sample came from the second run of three identical 
experiments. 
3.2.2.2.5 Bubble photography during sparging 
Bubble photographs were taken after two hours of sparging. The bubble column 
was taken out of the heating bath. The fittings were placed back in position and 
vacuum operation was resumed. A ruler was attached to the column to enable 
bubble sizing from the photographs. A 100 W light source placed behind the column 
enabled visualization of column contents. When pressure reached 3 mbar, 
photographs were taken with the Cannon EOS camera which carried the close-up 
lens (see also section 3.2.1.1.5). A 400 ASA, colour film was used. Methodology 
for bubble size measurement has been discussed previously in section 3.2.1.2.7. 
3.2.3 ANALYTICAL EQUIPMENT AND METHODS 
In this project similar analytical techniques were used as those routinely used by 
Elais, S.A. to assess the quality of nitrogen sparged sunflower oil. The methods 
used were: 
(a) % free fatty acid content or acidity by titration, 
(b) peroxide value by titration, 
(c) colour by spectrophotometry, 
(d) phosphorus content by atomic absorption spectrometry and 
(e) organoleptic assessment of odour. 
All analytical work was carried out at the Laboratories of Elais, S.A., Athens, 
Greece. Glassware such as flasks, beakers, etc. and plastiC containers were also 
kindly provided by Elais S.A. (Athens, Greece). 
3.2.3.1 FREE FATTY ACID DETERMINATION BY TITRATION 
Determination of free fatty acid content in oil samples involved dilution of oil sample 
in a solvent (ethanolldiethylether mixture) and titration with 0.1 N NaOH, in the 
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presence of an indicator (phenolphthalein). The analysis was carried out by a 
classic titration method using a semi-automated dosimetric pump and fluid delivery 
system. The system basically consisted of two containers, one for diethylether 
/ethanol solvent and the second for alkali i.e. sodium hydroxide. A dosimetric 
system (665 Dosimat, Metrohm, Switzerland) added alkali to the oil during 
titration (Figure 3.10a). The solvent was stored in a 10 I flask -and added to the oil 
prior to titration. 
(a) (b) 
7 
1 
4 1 
Figure 3.10a Schematic representation Figure 3.1 Db Schematic representation of 
of titration system for acidity titration system for peroxide value 
determination determination 
1: Alkali container (11 total volume); 
2: dO$imetric pump; 3: pipette (50 ml total 
volume); 4: Dosimat system; 5: on/off 
valve; 6: tip for alkali or solvent addition; 
7: solvent container 
1: acetic acid/chloroform solution; 2: deionized 
water; 3: Na2S203 solution; 4: KI solution; 
5: test oil sample vessel; 6: vessel with oil 
sample waiting for analysis; 7: Nitrogen gas 
line; 8: Control unit; 9: Titroprocessor; 
10: Analytical balance 
NOTE:. Represents dosimetric systems, described in section 3.2.3.1. 
The rate of addition of alkali was controlled by selecting a value from 1-10 which 
represented addition of 1-10 drops into the oil sample. The dosimetric Dosimat 
system carried a screen for display of the amount of alkali added to the oil. An 
analytical balance (Sartorius basic BA310P) was used to weigh oil samples. 
10 I of 0.1 N NaOH stock solution were prepared by dissolving an ampulla of 1 N 
NaOH in distilled water. 1 I of the solution was emptied in a dark alkali flask for use 
in the titration. 10 liters of 1: 1 diethyl ether/ethanol (96°) solvent solution were 
prepared and the acid in this mixture was neutralized with aqueous 0.1 N NaOH 
solution in the presence of phenolphthalein indicator (1 % w/v in 96° ethanol). 
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3-5 grams of oil sample were carefully weighed into a 250 ml conical flask and 
approximately 70 ml of solvent solution were added for dissolution and clarification 
of the oil. The dosimetric system was checked to ensure that the dosimetric 
vessel was filled with 0.1 N NaOH, the readout screen was cleared, the alkali 
addition controller was set to 2 drops and the tip was clean. Titration with 0.1 N 
NaOH was carried out until the point when the colour of the diluted oil sample had 
turned to a permanent light pink. The amount of alkali added was recorded. The 
analysis was based on the following reaction 
RCOOH + NaOH ~ RCOONa + H20 
Free fatty acid content or acidity of the oil sample was expressed as % weight of 
oleic acid using the following equation 
V 
Acidity = % weight of oleic acid = 2. 82( - ) 
w 
(3.4) 
where V is the volume of alkali used in titration (ml) and w is the oil sample weight 
(g). 
3.2.3.2 PEROXIDE VALUE (PV) DETERMINATION 
The method was based on determination of the amount of peroxides (ROOR and 
ROOH) or active oxygen in the oil sample which oxidized potaSSium iodide, to 
release free iodine. Peroxide value was expressed as milliequivalents of peroxides 
per Kg of oil sample. Only one oxygen atom in each peroxide molecule is active 
i:e. capable of oxidizing potassium iodide. The analysis is based on the reactions 
shown below 
ROO- + 2r ~ RO- + 0-2 + 12 
2Na2S203 + 12 ~ Na2S40s + 2Nal 
The actual method is as follows: The weighed oil sample is dissolved in 30 ml of 
acetic acid/chloroform solution (60:40 v/v) and 1 ml of saturated potassium iodide 
solution is added. The mixture is allowed to stand for exactly 1 min and 30 ml of 
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deionized water are added. The liberated iodine is titrated against 0.01 N sodium 
thiosulphate with simultaneous agitation using starch as an indicator. 
An automated titration system (Metrohm, Switzerland) was used to deliver four 
analytical solutions sequentially into weighed oil samples (Figure 3.1 Ob). The four 
dosimetric devices (665 Dosimat, Metrohm, Switzerland) were connected to the 
containers of analytical solutions i.e. a 10 I flask of a 60:40 acetic acid/chloroform 
solution; a 10 I flask of deionized water; a 1 I flask of a 0.01 N sodium 
thiosulphate solution and a 500 ml potassium iodide solution. Each dosimetric 
device enabled and controlled addition of the respective reagent to the test 
solution, as previously described in section 3.2.3.1. A Pt electrode (Metrohm O-BOoC 
Pt Titrode) was used for the determination of peroxide value by detection of a 
titration equivalence or end point. When not in use, the electrode was kept 
immersed in a cleaning solution of commercial grade ethanol/deionized water 
mixture (50:50 v/v). 
A Control Unit was used to control the start or termination of an operation and 
selection of the number of samples to be analyzed. Alternatively, manual operation 
of the sample holder and manual addition of reagents could be used. The system 
was also linked to a 9B% purity nitrogen supply which was used to eliminate air 
from the samples. 
A Titroprocessor stored and processed information such as sample position on the 
sample holder. The programmed methodology was used for analysis, sample 
identification numbers and sample weight. The Titroprocessor gave peroxide value 
for each sample analyzed as RS1 (peroxide value at end point). It also supplied 
optional information such as: U (Redox potential, mV) at titration end point (EP1), 
date and time, method number, sample identification number, sample weight (g), 
initial operation voltage (mV); consumption of sodium thiosulphate solution (V, ml). 
The measured peroxide value (PV) was calculated by the following equation 
PV= VsN.1000 (3.5) 
w 
where Vs was the volume of sodium thiosulphate solution used (ml); N was 
normality of the same solution and w was sample weight (g). 
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3.2.3.3 COLOUR EVALUATION 
Elais, S.A. has developed an in-house method to assess colour of sunflower oil 
samples. This is based on determination of transmittance values at 430 nm using a 
Blue Colour filter. A spectrophotometer (Photovolt model 401, Photovolt 
Corporation, N.Y., U.S.A.) was used to measure light transmittance in a test 
solution on a 0-100% scale. 
The equipment was switched on and BI~e Colour filter was placed in the light path. 
A 22 ml cuvette filled with distilled water was placed in position 1 of the cuvette 
holder. The second 22 ml cuvette was filled with a filtered oil sample and placed in 
position 2 of the cuvette holder. The blank sample was brought into the light beam 
by sliding the sample carrier and the transmittance was fine tunned to read 100%. 
The oil sample was then positioned in the light path and % transmittance of the oil 
sample was recorded. 
3.2.3.4 PHOSPHORUS DETERMINATION 
Total phosphorus! content of oil samples was determined in a Graphite Furnace 
atomic absorption spectrometer (Zeeman 3030 System, Perkin-Elmer, Germany). 
The atomic absorption spectrometer used is shown in Figure 3.11 a. This equipment 
is suitable for all types of crude or refined edible oils containing phosphorus in the 
region 1-40 ppm. The method is based on the properties of atoms to produce 
unique spectra upon absorption of radiation and subsequent transition of their 
electrons to higher energy states. The method involves heating the sample in a 
graphite furnace for the conversion of molecules to the gaseous state, dissociation 
of the molecules to atoms (atomization) and analysis of the resultant absorption 
spectra. The equipment consisted of a Graphite Furnace Assembly (HGA-600) with 
an electrically heated Graphite Tube (BO 070699), an Electromagnet, a 
temperature control unit and a Power Unit. The system was also connected to an 
argon gas supply. 
The Graphite tube was fitted in position between two cylindrical electrical contacts 
which were mounted in a water cooled metal housing (Figure 3.11 b). The cooling 
system was capable of lowering the furnace temperature from its maximum value to 
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Figure 3.11 a Perkin-Elmer Graphite Furnace Atomic Absorption Spectrometer 
(reproduced with kind permission by Perkin-Elmer) 
Graphite 
furnace 
To 
spectro-
photometer 
, Internal gas flow / \ 
r----+~ .-+-~r------~ 
-it-t-- Light beam 
Figure 3.11 b Graphite Furnace (reproduced with kind permission by Perkin-Elmer) 
ambient within 10 seconds_ The cylindrical Graphite tube carried a hole in the 
middle for the introduction of the oil sample and a graphite platform where the oil 
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sample was dried, the molecular matrix was thermally pretreated and molecules 
were volatilized and dissociated into free atoms. An internal argon gas stream 
entering at both ends of the graphite tube and leaving through the central hole 
served the purpose of excluding air and carried the sample matrix vapours away. 
An external argon gas stream prevented t~e entrance of air, to prevent incineration 
of the graphite tube. Although during atomization, argon purging was disrupted in 
order to increase the residence time of free atoms in the radiation beam, 
atomization took place in an inert atmosphere which aided in minimization of 
interferences by other chemical species. An AS-60 Autosampler and a thermoplate 
were also mounted on the system. The thermoplate maintained samples at a 
temperature of approximately 40°C to avoid the formation of aggregates, prior to 
drying. 
The System was connected to an 8 Watt Electrodeless Discharge Lamp for 
Phosphorus , an EDL System 2 Lamp Current Stabilizer and a PR-100 printer. 
The Electrodeless Discharge Lamp was the source of radiation. This was a quartz 
sealed tube containing argon gas and a small amount of phosphorus. A field of 
radio-frequency was used to energize the Lamp so that argon atoms were ionized in 
order to excite the phosphorus atoms. With the aid of a series of mirrors, 
polarizers, apertures and slits the radiation was directed first through the furnace 
and then to a photomultiplier (Figure 3.11 c). The Lamp Current Stabilizer was wired 
to the Lamp in order to avoid band broadening which could result in loss of 
sensitivity. Spectral or chemical interferences can be responsible for low resolution. 
Spectral interferences may occur due to an overlap of absorption spectra of other 
sample components with the spectrum of phosphorus. Light scattering may be 
caused by carbon containing particles. Chemical interferences may also result from 
the reaction of ions with phosphorus to form low volatility compounds leading to a 
decrease in the efficiency of atomization. Addition of matrix modifier compounds 
such as Lanthanum can eliminate such problems. This equipment utilizes the 
Zeeman effect for background correction. The Zeeman correction effect is based on 
programming the system so as to subtract the absorbance of matrix products from 
that of phosphorus. 
Preparation of standard solutions and matrix modifier 
Standard stock solution of lecithin was prepared by dissolving 1 g of heated lecithin 
gel in 4 g of iso-octane solvent and addition of 45 g of blank sunflower oil (0 ppm 
phosphorus content). This gave a stock solution with a phosphorus content of 
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20,000 ppm (2%). The blank sunflower oil had already been specified by atomic 
absorption for its concentration in elements such as phosphorus, iron, copper, etc. 
Standard solutions were then prepared by a 1: 1 0 or 1: 1 00 initial dilution of lecithin 
standard stock solution, followed by successive dilutions to obtain solutions with 10, 
20 and 40 ppm phosphorus content. All dilutions were carried out with blank 
sunflower oil. 20 ml of preparations of standard were sufficient for 20 atomic 
absorption runs. The matrix modifying solution (Lanthanum in iso-octane) which 
was diluted to 50 ppm was automatically fed into the furnace during analysis. 
Honochroma tor 
Disk Drivp~ 
Chopper 
~---rl:: -= -~ -_r"U-' Rad ialion 
Ie.. ~ Source 
Figure 3.11 c Schematic representation of Atomic Absorption Spectrometer 
(reproduced with kind permission by Perkin-Elmer) 
Preparation of equipment 
The gas supply valve to the furnace assembly was opened to a pressure of 9-10 
bar and the Cooler was switched on. The Graphite Tube was placed in the 
appropriate position in the Furnace which was then switched on. Control Unit, 
Lamp Current Stabilizer and Sampler Thermoplate were also switched on. Program 
diskettes were inserted into the Control Unit in positions 1 and 2. The Lamp Current 
Stabilizer was set at a current of 470 mA (or 8 Watts) for Zeeman effect. The slit 
opening and wavelength were selected at 2 nm and 213.5 nm, respectively. The 
Phosphorus ' Lamp was set to position by rotation of the lamp holder in such a way 
as to have its exit facing the furnace. Preparation and heating-up took 
approximately two hours. 
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Preparation of standard calibration curves and analysis of oil samples 
Calibration curves were prepared using lecithin standards (lecithin, Bolec Z gel with 
2% phosphorus. content). Standard solutions (blank or 0 ppm, 10, 20 and 40 ppm) 
and oil samples were placed on a heating plate at approximately 50°C. 0.5 ml of 
the standard solutions and oil samples were introduced into polypropylene 
containers and placed in the appropriate positions on the Heated Autosampler. The 
program on the Control Unit of the Heated Graphite Atomizer (HGA) was selected 
for phosphorus determination. During the analysis, 20 III of the first standard were 
automatically injected into the Heated Graphite Atomizer, followed by 20 III of 
Lanthanum matrix modifier solution. Each sample was analyzed twice and the final 
reading was the mean of two values. Washing with iso-octane solution took place 
automatically between subsequent determinations. The temperature program for 
phosphorus determination is shown below 
Step 1 2 3 4 
Temperature tC) 600 1600 2800 2800 
Effect Sample Thermal Thermal Dissociation into Tube 
drying Pretreatment of free atoms (Atomization) conditioning 
element matrix 
Step time (s) 30 60 0 1 
Holding time (s) 30 30 5 3 
Gas flow (ml/min) 300 300 0 50 
(reproduced With kind perrmsslon by Elals SA, Athens, Greece) 
Sample absorbance curve was indicated by a solid line (AA), whereas the curve for 
interferences (background; BG) was indicated by a dotted line which did not exhibit 
a peak and was close to the x-axis i.e. towards zero values of absorbance. A typical 
sample curve is shown below (A denotes absorbance). 
phosphorus concentration (ppm) 
Peak height was the parameter of interest and corresponded to the absorbance 
value which was specific to the oil sample analyzed. Measured absorbance 
readings were AA (total absorbance), ZAA (Zeeman absorbance) and BG 
(background absorbance): ZAA was the absorbance value for the sample and the 
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result of subtraction of BG from AA. Total analytical time per sample was 160 
seconds. Energy was 51 units (equipment own units); if the recorded energy was 
higher, the system needed re-calibration. 
3.2.3.5 EVALUATION OF ORGANOLEPTIC PROPERTIES OF OIL 
The organoleptic panel consisted of 14 members, selected from 30 candidates. 
The panel had successfully passed the triangular test. Three oil samples were 
tested by each individual. The oil was poured into 15 ml clean and dry glass 
beakers, covered with glass plates and maintained at room temperature. Each 
beaker was carefully marked with a permanent marker and placed on a bench in a 
specially prepared room. The room was pleasant and exposed to physical light. On 
the same bench, a glass with drinking water, a covered beaker with a commercial 
sunflower oil sample, an instruction sheet and a questionnaire with a pen were 
placed. The instructions and score sheet given to the panelists are shown in 
Figures 3.12 and 3.13, respectively. Only an odour test was carried out for each oil 
sample. One panelist at a time entered the room. The sample was smelled as per 
instructions. The odour was recorded on the questionnaire. The final odour score for 
each sample was calculated as the mean value of the scores given by the 
panelists. 
Figure 3.12 Organoleptic Panel instructions 
1. REGULATIONS 
1. Do not smoke at least 30 minutes before test time 
2. Do not use perfume, toiletries or soap prior to test time 
3. Do not eat for at least 1 hour before the test 
4. Read carefully the testing and marking instruction sheet 
2. INSTRUCTIONS FOR ODOUR TEST 
1. Lift the glass covered beaker with the sample 
2. Tum the beaker lightly 
3. Rotate the glass for the sample to wet the internal beaker surface 
4. Remove cover glass 
5. Smell the sample inhaling slowly and deeply for no more than 30 seconds 
6. Record odour score on grading sheet supplied 
If conclusions can not be drawn, take a short break and repeat 
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Figure 3.13 Organoleptic Panel Score Sheet 
oprANOAHnTIKOI EAErXOI 
ORGANOLEPTIC PANEL SCORE SHEET 
NAMEI ONOMA .................................................................................................. . 
DATE IHMEPOMHNIA 
napaKaAoUIJ£ a~loAovdaT£ Ta pacplvt A6ala TTOU aOKI1J6~£T£, txovTa~ 
uTT6"'1l aa~ Tllv TTapaKclTw KAilJaKa: 
Please evaluate the oil samples provided, using the following scale: 
10: APIITO EXCELLENT 
9: nAPA nOAY KAAO EXTREMELYGOOD 
8: nOAY KAAO VERYGOOD 
7: EAACJ)PEI AnOKAIIEII Ano TO npOTYno 
SLIGHT DEVIA TlONS FROM STANDARD 
6: AnOKAIIEII Ano TO npOTYno 
DEVIA TlONS FROM STANDARD 
5: MErAAEI AnOKAIIEII Ano TO npOTYno 
LARGE DEVIA TlONS FROM STANDARD 
1-4: AnAPMEKTO UNACCEPTABLE 
SAMPLE! SCORE! 
AElrMA IKOP 
ODOUR SCORE! 
IXOJ\IA riA OIMH 
OTHER! 
nAPATHPHIEII 
npOI0ETEI nAPATHPHIEII ADDITIONAL COMMENTS 
EuXaPICTTOUIJ£ y,a TI1V auv£pyaala Thank you for your collaboration 
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3.2.4 GRAPHICS AND DATA PROCESSING 
Two computer programs Excel version 7.0 of Microsoft Windows, Inc. and 
GraphPad Prism version 1.0 of GraphPad Software, Inc. were used for presentation 
of tables and graphics included in this thesis. These programs also proved very 
effective for carrying out calculations and statistical analyses. For example, a 
manual calculation using analysis of variances (ANOVA) took 30 minutes, whilst the 
same statistical calculation was completed by Excel or Prism in 2 seconds. The two 
programs were complementary: one made up. for limitations of the other. Excel was 
used for bubble calculations, F-tests, t-tests, multilinear regression and one-way or 
single-factor AN OVA analyses; GraphPad Prism was used for frequency distribution 
and other diagrams, single linear and nonlinear regression analyses and two- way 
or two-factor ANOVA analyses. Excel was also used for two-way ANOVA analyses 
whenever the significance level needed to be specified to a different level than the 
default 5% value in Prism. Statistical analysis of experimental results was essential 
in order to conclusively show the effects of operating parameters on bubble 
dynamics, foam properties and sunflower oil characteristics. Interpretation of the 
results involved a combination of advanced statistical methodologies and an 
understanding of the physicochemical concepts. 
Prior to investigating the effect of operating parameters, the validity of experimental 
results was examined by statistical comparison of equivalent bubble spherical 
diameters (ds) obtained in replicate experiments. Because of the dynamic nature of 
the investigated process and the various random effects that could be involved in 
cleaning, photography and bubble measurement, the 1 % level of significance was 
used instead of the more common 5%. Comparison of bubble diameters (ds) for 
repeat experiments at atmospheric pressure was made by application of one-way 
analysis of variances (AN OVA). Although ANOVA is a reasonably robust method 
for populations with skewed distributions, prior to its application the AN OVA 
assumptions for normality in frequency distributions and equality of variances were 
carefully tested by nonlinear regression analyses and F-tests, respectively. The 
effects of column region and sparger porosity on replicate S.M.D. values were 
examined by two-way ANOV A. Comparison between repeat experiments at sub-
atmospheric pressures was made by t-tests that were applied on ds data. F-tests 
were first carried out to examine whether the t-tests should be based on the 
assumption of equal or unequal variances. The effect of operating parameters on 
the dynamics of nitrogen bubbles in sunflower oil was examined by application of 
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regression analysis (linear, multilinear and nonlinear) and two-way analyses of 
variances on mean S.M.D. values (5% level of significance). 
Reproducibility of foaming experiments was examined by t-tests, after the 
application of F-tests to determine equality of variances. In botb cases the 1 % level 
of significance was used. The effect of operating parameters on foam stability was 
assessed by nonlinear regression analyses and one-way analyses of variances at a 
significance level of 1 %. The effect of operating parameters on foaming rates was 
examined by one-way and two-way ANOVA at a significance level of 1 %. 
Reproducibility in analytical experiments was assessed by one-way and two-way 
ANOVA at a significance level of 1 %. The effect of operating parameters on 
properties of sunflower oil was examined by one-way and two-way ANOVA (5% 
level of significance), t-tests and regression analyses. 
It should be noted that for the application of ANOVA to S.M.D. data or foaming 
and oil analysis results F-tests and frequency distribution checks were not carried 
out because AN OVA assumptions are considered as valid in small sized samples. 
One-way analysis of variances (ANOVA) 
Analysis of variances, ANOVA, is a statistical method employed for comparison of 
three or more samples. ANOVA is used to determine "whether means from two or 
more samples are drawn from populations with the same means" (Excel Help, 
1998). For ANOVA, the samples must be randomly selected and representative of a 
population that approximates a Gaussian distribution (GraphPad Prism Help, 1996). 
AN OVA begins with the null hypothesis that the means of all the populations are 
identical, i.e. the samples come from the same populations. One-way or one-factor 
ANOVA determines how a response is affected by a certain variable, e.g. how 
bubble size is affected by repetition of experiments in this case. Using sample 
means, one-way ANOVA determines whether the variable affects the results. The 
following sequence of steps is an aid to understanding the operation of this 
statistical methodology. 
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An example of the calculations for one-way ANOVA is given below using bubble 
sizes measured at the formation region after 30 minutes of sparging at 25°C. For 
each experiment values of equivalent spherical bubble diameters (ds ) were 
determined. Equivalent spherical bubble diameters obtained for three similar 
experiments are shown in Table 3.7. 
Equivalent spherical bubble diameters (ds ) in each of the three columns, i.e. RR15, 
RR16 and RR17 were counted, summed-up and the arithmetic averages and 
variables were computationally calculated (Table 3.8). 
Table 3.7 Equivalent spherical bubble diameters for three repeat experiments: 
D t ~ ANOVA a a or one-way 
SPARGER G-4 
TEMPERATURErC) 25 
REGION FORMATION 
TIME (min) 30 
EXPERIMENT RR15 RR16 RR17 
Bubble Counts ds ds ds 
1 0.85 1.10 1.03 
2 0.85 1.00 1.03 
3 1.03 1.00 0.92 
4 1.39 0.91 1.15 
5 0.70 1.00 1.38 
6 1.39 0.80 1.26 
7 1.15 0.80 1.48 
8 0.90 0.80 0.79 
9 0.85 0.69 1.38 
10 0.94 0.80 0.92 
11 1.30 1.07 
12 1.39 1.20 
13 0.79 1.20 
14 1.87 1.30 
15 0.64 1.00 
16 0.85 0.91 
17 1.03 1.00 
18 0.87 0.91 
19 0.94 1.49 
20 1.78 1.79 
21 2.34 0.80 
22 0.55 
23 0.79 
24 0.70 
25 0.55 
26 0.94 
T bl 3 8 B . t f f I I I f a e . aSlc s a IS lca ca cu a Ions or one-way ANOVA 
Groups Count Sum Average Variance 
Column 1 (RR15) 26 27.35 1.05 0.18 
Column 2 (RR16) 21 21.60 1.03 0.07 
Column 3 (RR17) 10 11.34 1.13 0.05 
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ANOVA analysis begun by calculating the sum of squares (SS) between the 
columns and within the columns and the respective degrees of freedom (df) as 
shown in Table 3.9. Next, the mean square values (MS) were calculated by the 
following equation: 
MS= (SS)/df and df=ns-1, where ns is the number of samples (3.6) 
Table 3.9 Calculations for 0 , ... _\)":;.0,, 
6.42 54 0.12 
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F was calculated as the ratio of the mean square value between the columns 
(groups) to the mean square value within the columns (groups). F-critical was then 
selected from F-tables using the appropriate degrees of freedom. For samples 
found not to be significantly different, i.e. they belong to the same population, the 
calculated F-value should be less than the critical F-value. The higher the 
probability, i.e. the P-value, the more likely it will be that the samples belong to the 
same population. 
Nonlinear regression analyses 
Nonlinear regression analyses were used to test normality in frequency 
distributions. In examination of validity of experimental data, ds values were used to 
produce frequency distribution diagrams and nonlinear regression analysis was 
carried out. Gaussian distribution fit, the particular type of nonlinear regression 
analysis used, was based on the following equation 
-
AREA _O .5(~)2 
d = e so 
s SD(21r0.5 ) (3.7) 
where SD denotes standard deviation, and d s is the arithmetic mean value of a ds 
data set. Nonlinear regression analysis fits of the diagrams were produced and 
correlation data, ~ were recorded as seen in Figure 3.14. 
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Figure 3.14 Nonlinear regression analysis fits 
FREQUENCY DISTRIBUTION 
(nonlinear regression analysis) 
Sparger G-4. 25oC. formation region at 30 
mins 
1.00-r------------------. 
~ c 0.75 
Q) 
~ 
C" Q) 
.! 0.50 
~ 
i 
~ 0.25 
O.OO~~~-,--....---~==::;::::==~___r-.J 
0.0 0.4 0.8 1.2 1.6 2.0 2.4 2.8 
Bubble size (mm) 
- G4/25/F30A (n=26) 
------ G4/25/F30B (n=21) 
--- G4/25/F30C (n=10) 
- G4/25/F30A (r2=0.98) 
- - _. G4/25/F30B (r2=0.99) 
- - G4/25/F30C (r2=1) 
Symbols: n denotes number of observations; r2 is the goodness of fit value. G-4 is the type of sparger; 25 denotes 
a temperature of 25°C; F30 denotes formation region bubble sizes after 30 minutes of sparging; A. B. C are 
replicates for each experiment. Note: Bold lines represent nonlinear regression fits 
Goodness of fit or correlation values (R or~) give the extent to which observed or 
measured values fit expected v~lues or a specified trend (Diamantopoulos and 
. Schlegelmilch. 1997). Correlation values range from 0 to 1; the closer R or ~ are 
to unity. the better the fit of data to the selected type of equation. the less the 
scatter of data. and values of Y can be predicted for set values of X. 
Nonlinear regression analyses were also used to define for example the effect of 
sparging time on foam stability in some foaming experiments. Fits to a polynomial 
fourth order equation of the type 
(3.8) 
were examined. The returned information included values for coefficients a. 13. </>. 'V 
and 0 and goodness of fit values. Other types of nonlinear regression analyses that 
were used to analyze the results are presented in the relevant sections in chapter 4. 
F-tests for variances 
F-tests for variances were applied to ds values in each pair of groups (columns) to 
determine homogeneity of variances prior to the application of ANOVA or t-tests. 
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The returned information included: mean value, variance, number of observations 
and degree of freedom for each variable, the calculated F-value i.e. the ratio of 
variances, the one-tail P-value, the 5% and 1 % critical F-values which can also be 
found from tables for the degrees of freedom of two variables (Table 3.10). 
Table 3.10 F-test on hom of variances of two samples 
COLUMNS 1111 
P-values >0.01 were interpreted as being 
statistically not significant and 
homogeneity of variances was accepted. 
Whenever P-values<0.01, an additional F-test was applied to variance values in 
order to determine the extent of variation (Table 3.11). 
T bl 311 F t t ~ • f I ltd d Tcal F-values 
.-;-0.-- ~ ------ - -.- --* --. ----- ---.'. - - - -- - - ---
....::::.. 2..~-:...- 2· ... ",-:-:. _ 
~r- '- - ,.. - - - -
-~~~ -~~': 
- .. - . "'" .--. 
~.....;- .:._ -~-~ - _ ~- -'. :~~- -- . ~-::'--- --~h--
- .' - : - ',. - - - ~. - - - -1- _ '. 
If the condition of P>0.01 
failed again, then ANOVA 
was only applied to 
similarly sized samples. It 
is only in this case that 
ANOVA is robust against 
violations in the criterion 
for the homogeneity of 
variances. In all other cases, a non-parametric test such as Kruskal-Wallis is 
recommended. However, this complex analyses is beyond the capabilities of Excel 
and Prism. Fortunately, non-parametric testing was not warranted for this work. 
t-tests for means 
This is a location test which compares the means of two samples. It was applied to 
pairs of data for comparing ds values from replicated experiments. An example of 
the calculations involved is shown below in Table 3.12. 
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The returned information included: mean value, variance and number of 
observations for each variable, the pooled variance, a specified hypothesized mean 
difference, degrees of freedom, the calculated t-value, the one-tail and two-tail P-
values, the 5% one-tail and 1 % two- tail critical t-values which can also be found 
from tables. 
Table 3.12 t-tests for two les assuming equal variances 
COLUMNS 1111 
In the above example, comparisons 
between columns 1111 and 1/111 gave P-
values<O.01, whereas comparison 
between columns II and III gave a P-
value>O.01, therefore the source of the 
problem was experiment I and should 
be excluded. The decision to use t-tests 
for samples with equal or unequal variances was based on the results of F-tests. 
Linear regression analysis 
Linear regression analysis was used to determine the effect of operating 
parameters on mean bubble sizes and to define mathematical models for the 
prediction of mean bubble sizes. Linear regression analysis is based on the least 
squares method i.e. minimization of the sum of squares of the vertical distances of 
the points from the best fit line (GraphPad Prism Help, 1996). The method 
calculates values for the slope and Y- intercept, their 95% confidence intervals and 
goodness of fit (~). In addition, Prism returns information on the deviation of the 
line from linearity and deviation of the slope from zero by applying residuals and F-
tests, respectively and calculating the corresponding P-values. Linear regression 
analysis is based on the equation 
Y=aX+ 8+ & (3.9) 
where a. is the slope, 8 is the V-intercept and E accounts for the scatter in data. The 
term E represents an error or random variability of data due to experimental 
imprecision or actual variation in the data. Excel was used for multilinear regression 
analysis to determine the effect of two independent variables on Sauter mean 
bubble diameters (S.M.D.). In addition to the intercept value, the analysis returns 
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the coefficients for the two independent variables. Three types of linear regression 
relationships were examined: 
Y= aX+ Pz+ 8 
logY = aX+ Pz + 8 
logY = log8+ alogX + pJogZ 
(3.10) 
(3.11) 
(3.12) 
where Y is dependent variable and X, Z are independent variables. The last 
equation represents a relationship of the form Y=8X<lZP. Replicate bubble diameter 
(S.M.D.) values were introduced in single linear regression; mean S.M.D. values 
were used in multilinear regression analyses. 
Two-way analysis of variances CANOVA) 
Two-way analysis of variances is based on similar principles as the one-way 
analysiS of variances. It determines how a response is affected by two different 
variables i.e. whether the first and second variables affect the results. Furthermore, 
it determines whether there is an interaction between the two variables. Two-way 
AN OVA can be used with or without replicate values. In this study, two-way AN OVA 
with triplication of values was used. Although a similar statistical methodology to 
the one-way ANOVA is followed, two-way ANOVA involves a few additional 
calculations. 
An example of the calculations is given below using Sauter mean bubble diameters 
in the G-4 bubble column at 18°C after 5, 30 and 60 minutes of sparging in the 
formation and rise regions. For each experiment triplicate values of Sauter mean 
diameters were determined (Table 3.13). 
Table 3.13 Sauter mean bubble diameters at the formation and rise regions for 
h·d I . t R d t t tw AN OVA tree I entlca expenmen s: aw aa or o-way 
G4I18C/FORM G4I18CIFORM G4118C/FORM G4I18C/RISE G4118CIRISE G4I18C/RISE 
Time (min) Bubble Sauter mean diameters (mm) 
5 1.61 1.53 1.91 2.08 2.40 2.20 
30 1.42 1.70 1.85 1.83 2.76 2.27 
60 1.34 1.55 1.59 1.86 2.11 2.71 
Basic statistical calculations were computed separately for rows and columns in a 
similar manner to that described for one-way analysiS of variances. Prism does not 
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display results of these calculations, whilst Excel does. Next, two-way ANOVA 
calculated the sum of squares, degrees of freedom and mean square values for the 
variables represented by the columns (e.g. region) and rows (e.g. time), interaction 
between the two and error of variance. For independent variables (column and row 
data), dfj= ns j-1 where i is an integer associated with a variable. For interacting 
variables, dfj=df1.df2, where 1 and 2 are integers associated-with the number of 
variables. The calculated SS, df and MS values are shown in Table 3.14; 
interpretation of the results is shown in Display 3.1. An example of the twe-way 
ANOVA results that are displayed by Excel is not presented, because the 
methodology is similar to that displayed for one-way ANOV A. As can be seen from 
Table 3.14 and Display 3.1, Prism automatically interpreted the effects as 
significant only where P-values were lower than 0.05. 
T bl 314 T a e . we-way ANOVA I If ca cua Ions 
Source of Variation Degrees of Sum of Squares Mean square 
Freedom 
REGION 1 
TIME 2 
Interaction 2 
Residual (error) 12 
Total 17 
Display 3.1 Interpretation of two-way ANOVA 
Does REGION have the same effect at all values of TIME? 
Interaction accounts for 0.91 % of the total variance. 
F = 0.15. DFn=2 DFd=12 
The P value = 0.8614 
1.817689 
0.043544 
0.027144 
1.078400 
2.966778 
If there is no interaction overall, there is a 86% chance of randomly observing so much 
interaction in an experiment of this size. The interaction is considered not significant. 
Does REGION affect the result? (Are the curves different?) 
REGION accounts for 61.27% of the total variance. 
F = 20.23. DFn=1 DFd=12 
The P value = 0.0007 
1.817689 
0.021772 
0.013572 
0.089867 
If REGION has no effect overall, there is a 0.073% chance of randomly observing an effect this big (or 
bigger) in an experiment of this size. 
The effect is considered extremely significant 
Does TIME affect the result? (Are the curves horizontal?) 
TIME accounts for 1.47% of the total variance. 
F = 0.24. DFn=2 DFd=12 
The P value = 0.7886 
If TIME has no effect overall, there is a 79% chance of randomly observing an effect this big (or 
bigger) in an experiment of this size. 
The effect is considered not Significant. 
153 
Data and Data analyses 
This section dealt with the principles of the various methods used in this work 
for data analyses. The bulk of data, relevant calculations and statistical analyses 
methodologies and results are all included in a supplement to this thesis. 
A supplementary volume to this thesis containing raw data, data analyses and 
statistical calculations may be obtained from A. Tsiadi at 61 S, Kriezi Street, 151 25 
Marousi, Greece. 
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CHAPTER 4 
RESULTS AND DISCUSSION 
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CHAPTER 4 
RESULTS AND DISCUSSION 
4.1 INTRODUCTION 
It is generally accepted that it is beneficial to process edible oils at low temperatures 
in order to prevent undesirable effects, such as partial destruction of vitamins and 
formation of unwanted by-products (Ahmed, 1997; Grob et ai, 1996; Maza et ai, 
1992; Guemueskesen and Cakaloz, 1992). High temperature steam can be 
replaced with an inert gas such as nitrogen. Although there exist a few studies on 
nitrogen stripping of edible oils, these have been conducted at high temperatures. 
In addition, the dynamics of nitrogen bubbles in edible oils have not been 
investigated. For nitrogen bubbles to act as a stripping medium for removal of oil 
contaminants at temperatures lower than 150°C, would require that 
• Adsorption occurs at the bubble surface in order to remove surface active 
contaminants 
• Volatilization occurs into the bubble cavity for removal of highly volatile 
contaminants. 
Studies of bubble behaviour are considered of great importance because bubble 
. size and morphology are indicators of efficiency of mass transfer operations. The 
primary objective of this project was to carry out a fundamental study of the 
dynamics of nitrogen bubbles in semi-procesed sunflower oil at temperatures in 
the range of 18 to 150°C and to evaluate the effect of nitrogen sparging on the 
properties of the oil. Studies were carried out at both atmospheric and sub-
atmospheric pressures. Bubble sizes were measured from photographs taken at 
different temperatures. Nitrogen bubble generated foams were characterized at low 
temperatures by studying foam heights and foam morphologies. The quality of 
nitrogen sparged sunflower oil was examined with respect to acidity, peroxide 
content, phosphorous content, colour and odour, using analytical and organoleptic 
methods. 
4.2 DYNAMICS OF NITROGEN BUBBLES IN SHALLOW BUBBLING 
POOLS OF SUNFLOWER OIL 
Nitrogen sparging in shallow pools or small height to diameter ratio columns has 
been effectively used to deodorize oils at high temperatures (Cvengros, 1995; 
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Graciani Constante et aI, 1994). In this work, nitrogen bubble dynamics in semi-
processed sunflower oil were studied in small height to diameter ratio bubble 
columns. The experimental work was carried out in three phases: 
1 Firstly, experiments were carried out at atmospheric pressure and temperatures 
in the range of 18-70oC, 
2 Secondly, experiments were carried out at a sub-atmospheric pressure of 3 mbar 
at temperatures in the range of 25-150oC, 
3 Finally, experiments were carried out using a combination of atmospheric and 
sub-atmospheric pressures, in the temperature range of 25-150oC. 
4.2.1 NITROGEN BUBBLE DYNAMICS AT ATMOSPHERIC 
PRESSURE 
Semi-processed sunflower oil was sparged with nitrogen for 60 minutes in two 
bubble columns, BC1 and BC2, with HID ratio of 3.7 and sintered disc spargers of 
porosities in the range of 20-30 f.1m (Le. G-3) and 5-15 f.1m (Le. G-4), respectively. 
The effects of temperature, gas sparging time and sparger porosity on bubble sizes 
were examined in two regions of the shallow oil depth, designated as the formation 
. and rise regions. The major and minor axes of bubbles were measured after 5, 30 
and 60 minutes of sparging at temperatures of 18, 25, 50 and 70°C (section 
3.2.1.2.7). The Sauter mean bubble diameters (S.M.D.) were then calculated from 
the obtained ds values (Le. equivalent spherical bubble diameters). The voluminous 
bubble measurement data for this work are included in the supplement to this 
thesis. 
The mean of three replicate values of S.M.D. at each temperature, column region 
and time of sparging are shown in Table 4.1. These S.M.D. values need to be 
carefully analyzed by statistical means. For example, the pOint-to-point lines 
obtained for the above data do not show whether the differences in S.M.D. between 
regions or temperature are significant (Figures 4.1a-d). Therefore, linear regression, 
multilinear regression and two-way analyses of variances (AN OVA) were carried out 
on the data displayed in Table 4.1. 
157 
Table 4.1 Sauter mean bubble diameters at atmospheric pressure in shallow 
d th f fI '1 epl so sun ower 01 
time (min) 5 30 60 
BC1 column (G-3 sparger) 
Formation region 
Temp. (OC) S.M.D. (mm) SO S.M.O. (mm) SO S.M.D. (mm) SO 
18 1.49 0.15 1.38 0.12 1.27 0.11 
25 1.48 0.24 1.31 0.20 1.31 0.23 
50 0.98 0.08 1.04 0.02 0.97 0.05 
70 1.00 0.08 0.96 0.05 0.90 0.08 
Rise region 
Temp rC) S.M.D. (mm) SO S.M.D. (mm) SO S.M.D. (mm) SO 
18 1.90 0.42 1.78 0.23 1.80 0.25 
25 1.12 0.64 1.57 0.01 1.55 0.02 
50 1.04 0.07 1.10 0.01 1.07 0.02 
70 1.35 0.08 1.18 0.11 1.13 0.07 
BC2 column (G-4 sparger) 
Formation region 
Temp (OC) S.M.D. (mm) SO S.M.D. (mm) SO S.M.D. (mm) SO 
18 1.68 0.20 1.66 0.22 1.49 0.13 
25 1.24 0.13 1.07 0.40 1.47 0.16 
50 1.26 0.16 1.25 0.17 1.12 0.13 
70 1.03 0.11 1.15 0.10 1.02 0.11 
Rise region 
Temp (oC) S.M.D. (mm) SO S.M.D. (mm) SO S.M.D. (mm) SO 
18 2.23 0.16 2.26 0.47 2.30 0.45 
25 1.88 0.22 2.00 0.14 1.64 0.38 
50 1.51 0.16 1.40 0.19 1.30 0.08 
70 1.25 0.05 1.33 0.11 1.32 0.02 
Symbols: so: standard deviation 
(a) Linear regression analyses and Two-way analyses of variances of 
Sauter mean bubble diameter data 
When considering each region of bubble formation or rise in either bubble column, 
there was no Significant difference in S.M.D. at 5, 30 or 60 minutes of sparging 
(Figures 4.2a-d). At these three times of sparging, the P-values for the relationships 
between temperature and S.M.D. were equal to 0.41, 0.82, 0.57 and 0.95 when 
comparing the slopes or rates of S.M.D. decrease with temperature in the formation 
and rise regions of BC1 and BC2, respectively (Table 4.2). The rate of decrease in 
S.M.D. ranged from 0.008 to 0.017 mmfC in the two bubble columns. The type of 
sparger or the time of sparging did not Significantly affect the rate of decrease in 
S.M.D. in the temperature range of 18 to 70°C (Table 4.3a). 
158 
(]1 
<.0 
Figures 4.1 (a-d) Effect of temperature and time of sparging on Sauter mean dial1)eters (S.M.D.) of nitrogen bubbles in semi-processed sunflower oil in two small HID 
bubble columns, BC1 and BC2, fitted with G-3 and G-4 sintered disc spargers, respectively 
Figure 4.1a S.M.D. in formation region of 
BC1 
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Figure 4.1c S.M.D. in formation region of 
BC2 
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Figure 4.1b S.M.D. in rise region of BC1 
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Figure 4.1d S.M.D. in rise region of BC2 
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Abbreviations: Form: bubble formation region in column; Rise: bubble rising region in column; times in minutes denote time aller initiation of sparging of sunflower oil with nttrogen gas 
G-3/Rise I 5 min 
- G-3/Rise I 30 min 
- G-3/Rise I 60 min 
- G-4/Rise I 5 min 
- G-4/Rise I 30 min 
- G-4/Rise I 60 min 
Figures 4.2 (a-d) Linear regression fits showing the effect of temperature and time of sparging on Sauter mean diameters (S.M.D.) of nitrogen bubbles in sunflower oil in 
two small HID bubble columns BC1 and BC2 
Abbrevialions: Form: bubble formation region in column; Rise: bubble rising region in column; times in rrinutes denote time after initialion of sparging of sunflower oil with n~rogen gas 
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Table 4.2 Linear regression analyses of Sauter mean bubble diameter (S.M.D.) values obtained at different temperatures and 
times in two bubble columns. BC1 and BC2 
iParameter Slope V-Intercept Goodness Deviation of Residuals Equality Equality of Pooled Pooled 
, 
of fit, R slope from test for of slopes, Y -Intercepts, slope V-intercept 
zero, linearity, P-value P-value 
P-value P-value 
BC1 column (G-3 sparger) 
Formation region 
5 min (18-70°C) -0.0111 1.69 0.82 0.0009 0.18 0.41 0.13 -0.009 1.54 
30 min (18-70°C) -0.0073 1.43 0.81 0.0016 0.79 
60 min (18-70°C) -0.0087 1.49 0.81 0.0025 0.52 
Rise region 
5 min (18-70°C) -0.0096 1.75 0.42 0.2200 0.40 0.82 0.91 -0.012 1.87 
30 min (18-70°C) -0.0138 1.97 0.87 0.0010 0.17 
60 min (18-70°C) -0.0127 1.92 0.77 0.0081 0.19 
BC2 column (G-4 sparger) 
Formation region 
5 min (18-70°C) -0.0095 1.69 0.73 0.0096 0.26 0.57 0.96 -0.008, 1.62 
30 min (18-70°C) -0.0056 1.51 0.37 0.2255 0.07 
60 min (18-70°C) -0.0099 1.68 0.87 0.0002 0.65 I 
Rise region 
5 min (18-70°C) -0.0180 2.44 0.91 0.0001 0.61 0.95 0.88 -0.017 2.37 
30 min (18-70°C) -0.0160 2.32 0.70 0.0127 0.07 
60 min (18-70°C) -0.0170 2.37 0.79 0.0190 0.08 
Interpretation: P>O,05 indicates statistically not significant differences; P<O.05 indicates significant differences 
, 
i 
Table 4.3a Two-way analyses of variances comparing the rate of decrease of 
Sauter mean bubble diameters with temperature at the formation and rise regions of 
BC1 d BC2 t d'n t f an a I eren spar ~e Imes 
Region Formation region Rise region 
F-value P-value F-value P-value 
Significance of type of sparger 0.54 0.540 7.44 0.112 
Significance of sparge time 5.89 0.145 0.16 
-
0.860 
Interpretation: P>O.05 indicates statistically not significant differences; P<O.05 indicates significant differences 
The linear relationship between temperature and S.M.D. for sunflower oil sparged 
with nitrogen in shallow bubble pools can be represented as 
SMD = fiT +8 where SMD = Sauter mean bubble diameter (mm) (4.1) 
T = temperature (0C) 
13,0 = coefficients for the slope and V-intercept, 
respectively 
The following relationships were obtained, for each region of the two bubble 
columns, 
(i) BC1, formation region 
(ii) BC1, rise region 
(iii) BC2, formation region 
(iv) BC2, rise region 
SMD = -0.009T + 1.54 
SMD = -0.012T + 1.87 
SMD = -0.008T + 1.62 
SMD = -0.017T + 2.38 
In the temperature range of 18 to 70°C there was a significant increase in S.M.D. 
(as shown by two-way ANOVA in Table 4.3b) as bubbles traversed from the 
formation to the rise region of the shallow oil pools. The analyses displayed in Table 
4.3c verified that the largest bubbles were found in the rise region of BC2 (sintered 
disc aerator G-4, porosity range 5-15 J.Lm). The smallest bubbles were found in the 
formation region of BC1 (sintered disc aerator G-3, porosity range 20-30 J.Lm). 
Therefore it can be deduced that best mass transfer characteristics will be expected 
from a bubble column with a HID ratio of 3.7 and a sintered disc sparger with 
porosity of 20-30 J.Lm. This technique of bubble measurement and analyses can be 
effectively used to optimize nitrogen bubble deodorization of sunflower oil in shallow 
pools. 
(b) Multilinear regression analyses 
Although the linear regression analyses appeared to be adequate for interpretation 
of the S.M.D. data with respect to temperature or sparging time, goodness of fit or R 
values ranged from 0.37 to 0.91. Therefore a more complex analytical method i.e. 
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Table 4.3b Two-way analyses of variances comparing Sauter mean bubble 
d' t . th ~ t' d . . 'th' b bbl I BC1 d BC2 lame ers In e orma Ion an rise regions WI In U e coumns an 
Temperature (UC) BC1 column BC2column 
F-value P-value F-value P-value 
18 20.78 0.0007 20.23 0.0007 
25 0.00 0.9623 17.74 
-
0.0012 
50 6.82 0.0240 3.98 0.0715 
70 46.93 0.0001 31.72 0.0002 
Interpretation: P>O.05 indicates statistically not significant differences; P<O.05 Indicates significant differences. 
Table 4.3c Two-way analyses of variances comparing Sauter mean bubble 
d' t . BC1 d BC2 t th ~ t' d . . lame ers In an a e orma Ion an rise regions 
Temperature (UC) Formation region Rise region 
F-value P-value F-value P-value 
18 11.77 0.0050 5.48 0.0370 
25 0.77 0.3970 7.39 0.0240 
50 15.83 0.0022 27.81 0.0003 
70 5.42 0.0400 9.91 0.0118 
Interpretation: P>O.05 indicates statistically not significant differences; P<O.05 Indicates significant differences 
multilinear regression analysis was used to better describe and predict S.M.D. 
relationships. Multilinear regression fits of the following equations were examined 
SMD = at +pT +15 
10gSMD =ctl +ftT + 15 
logSMD = logt5+ a/ogt + fl/ogT 
Equation (4.2) 
Equation (4.3) 
Equation (4.4) 
where SMD is the Sauter mean bubble diameter (mm), T is the temperature (oC), t 
is the nitrogen gas sparging time (min), 0 is V-intercept and a and 13 are the 
regression coefficients associated with time and temperature, respectively. 
Table 4.4 shows that all three equations are statistically valid in the temperature 
range of 18 to 70°C, because goodness of fits or R values were greater than 0.83. 
Equation 4.4 i.e. logSMD = logt5+ a/ogt + fl/ogT, gave the highest R values of 0.89 
to 0.95. All equations verified that the effect of time of sparging on S.M.D. was not 
significant because all P-values were greater than 0.05. The effect of temperature 
on S.M.D. was very significant because P-values smaller than 0.05 were obtained in 
both bubble columns. The negative signs of regression coefficients (13) in Table 4.4 
showed that bubble diameters decreased as temperatures increased from 18 to 
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70°C. These coefficients were used in Excel, programmed with Equations 4.2, 4.3 
and 4.4 in order to calculate the full range of extrapolated S.M.D. values for 
temperatures between 18 and 220°C, and for nitrogen gas sparging times of 5, 30, 
60 and 120 min (Figures 4.3,4.4 & 4.5). 
Table 4.4 Multilinear regression analyses (using Equations 4.2,4.3 and 4.4) of 
Sauter mean bubble diameters at different temperatures and sparge times in two 
bubble columns BC1 and BC2 , 
Regression R SE P-value Regression coefficients 
analysis Temp I Time Temp I Time I Intercept 
(13) (ex.) (8) 
Equation 4.2 SMD = at +j3T +0 
Formation Region 
BC1 (G-3 sparger) 0.92 0.09 2.7x10-o I 0.16 -0.009 I -0.0018 I 1.59 
BC2 (G-4 sparger) 0.86 0.12 3.2x10'" I 0.74 -0.009 I -0.0006 I 1.69 
Rise Region 
BC1 (G-3 sparger) 0.83 0.19 9.8x10'" I 0.61 -0.012 I -0.0013 I 1.96 
BC2 (G-4 sparger) 0.89 0.20 9.7x10-o I 0.68 -0.017 I -0.0011 I 2.41 
Equation 4.3 logSMD = at +j3T +0 
Formation Region 
BC1 {G-3 sparger) 0.93 0.03 1.3x10"" 10.17 -0.003 I -0.0006 I 0.22 
BC2 (G-4 sparger) 0.88 0.04 1.7x10'" 10.73 -0.003 I -0.0002 I 0.24 
Rise Region 
BC1 (G-3 sparger) 0.83 0.06 1.1x10'" I 0.65 -0.004 I -0.0004 I 0.30 
BC2 (G-4 sparger) 0.90 0.05 7.0x10-o I 0.60 -0.004 I -0.0003 I 0.40 
Equation 4.4 logSMD = logo + alogt + j3logT (SMD=8t~j3) 
Formation Region 
BC1 (G-3 sparger) 0.95 0.03 3.4x10"O J 0.08 -0.300 [-0.034 10.57 
BC2 (G-4 sparger) 0.90 0.04 6.8x10"" I 0.92 -0.270 1-0.002 10.53 
Rise Region 
BC1 (G-3 sparger) 0.89 0.05 9.8x10-o I 0.52 -0.340 1-0.020 10.71 
BC2 (G-4 sparger) 0.95 0.04 2.7x10-o I 0.47 -0.410 I -0.018 10.87 
.. Interpretation: P>O.05 Indicates statistically not slgnrficant differences; P<O.05 indicates significant differences. 
Symbols: R: goodness of fit; SE: standard error 
Figure 4.3 shows that, using Equation 4.2, Sauter mean bubble diameters can only 
be predicted at temperatures below 150°C. Figures 4.4 and 4.5 show that, using 
Equations 4.3 and 4.4, Sauter mean bubble diameters could be predicted at both 
low and high temperatures in the range of 18 to 220°C. However, in Figure 4.5 
bubble diameters remained constant at temperatures between 180 and 220°C, 
whilst in Figure 4.4 bubble diameters progressively decreased in the same 
temperature range. Therefore it is strongly recommended that further 
experimentation is carried out before Equations 4.3 and 4.4 are used for predicting 
bubble diameters at temperatures in excess of 7c:fC. 
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In summary, sparging of sunflower oil with nitrogen gas in shallow bubble pools at 
atmospheric pressure and different temperatures resulted in S.M.D. values in the 
range of 0.90±0.08 mm to 2.30±0.45 mm. Diameters of detached bubbles 
decreased from 1.68±0.20 mm to 0.90±0.08 mm, whilst diameters of rising bubbles 
decreased from 2.30±0.45 mm to 1.04±0.07 mm when temperatures increased from 
18 to 70oe. A reduction in bubble diameter at increased temperatures can be 
explained due to rapid closure and rapid detachment of bubbles caused mainly by 
reduced oil viscosity and inertia. Bubble diameters were larger in the rise region 
possibly due to a reduction in hydrostatic pressure in this region and, also due to 
diffusion of volatiles into the bubble cavities. The time of sparging up to 60 minutes 
had no effect on S.M.D. of bubbles suggesting that the rate of accumulation and 
desorption of surface active molecules was constant. Smaller bubbles were formed 
and ascended towards the surface in the column with the larger porosity sparger 
(Le. G-3) compared with the smaller porosity sparger (Le G-4). This was believed to 
be caused by blockage and fouling of the small sparger pores such that only the 
large sparger pores were effective in producing bubbles. 
4.2.2 NITROGEN BUBBLE SPARGING AT SUB-ATMOSPHERIC 
PRESSURE OF 3 mbar 
Semi-processed sunflower oil was sparged with nitrogen gas in a specially 
designed vacuum operated contactor (Voe) with HID ratio of 1, described in 
section 3.2.2.1.1. The voe was operated under two modes: (i) solely under vacuum 
and (ii) sequential atmospheric and vacuum operation (called combined operation). 
During sole vacuum operation the sunflower oil was sparged with nitrogen gas for 4 
hours at a pressure of 3 mbar. During combined or sequential operation nitrogen 
was firstly sparged at atmospheric pressure for 1 hour, and then sparged for 3 
hours under vacuum at 3 mbar. Operating temperatures of 25, 50, 100 and 1500e 
were studied for both vacuum and combined operations. Nitrogen gas flow rate at 
atmospheric pressure was 100 cm3/min. The gas flow rate into the voe could not 
be measured during vacuum operation but was maintained constant and controlled 
by a needle valve. Bubbles under vacuum were measured from photographs taken 
after two hours of sparging and then expressed as equivalent spherical diameters, 
ds, from which Sauter mean bubble diameters (S.M.D.) were calculated as 
described in section 3.2.1.2.7. 
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Frequency distribution diagrams of equivalent spherical bubble diameters (ds) under 
vacuum and combined operations at different temperatures are shown in Figures 
4.6a and b. The narrower distributions of ds values in the range of 0.10 to 2.50 mm 
and 0.10 to 3.73 mm were observed at the high temperatures of 100 and 150°C, in 
vacuum and combined operations, respectively. At 25 and 50°C, wide distributions 
of ds values in the range of 0.11 to 4.80 mm and 0.17 to 4.""96 mm, respectively 
were obtained during both vacuum and combined operation. Figures 4.6a and b 
clearly show that at the higher temperatures there was the most uniformity and the 
smallest bubble sizes. Therefore at temperatures greater than 100°C, the rate of 
mass transfer is likely to be higher and easier to predict or control. 
Figure 4.7 shows the trends in Sauter mean bubble diameters under vacuum and 
combined operations at temperatures in the range of 25 to 150°C. Significant 
decreases in S.M.D. from 3.16±0.16 mm to 0.97±0.10 mm and 2.92±0.16 mm to 
1.21 ±0.04 mm were observed as temperature increased from 25 to 150°C during 
vacuum and combined operations, respectively (Table 4.5). Sequential sparging of 
sunflower oil with nitrogen bubbles at atmospheric pressure and then under 
vacuum did not give significantly different decreases in bubble sizes compared to 
vacuum operation alone (Table 4.5). Since vacuum operation enhances the removal 
of contaminants by bubble adsorption and/or volatilization, it is recommended to 
use this mode solely. 
Table 4.5 Two-way analyses of variances comparing Sauter mean bubble 
diameters during vacuum operation at 3 mbar and combined atmospheric/sub-
h . f d t d·n t t t atmospl enc pressure opera lon, an a I eren empera ures 
Mode of operation Temperature 
P-value 0.71 <0.0001 
F-value 0.14 66.35 
Interpretation: P>O.05 indicates statistically not slgmficant differences; P<O.05 Indicates slgmficant differences. 
In summary, sparging of sunflower oil with nitrogen gas at a sub-atmospheric 
pressure of 3 mbar resulted in decrease in Sauter mean diameters from 3.16±0.16 
mm to 0.97±0.10 mm and 2.92±0.16 mm to 1.21±0.04 mm during vacuum and 
combined operations, respectively as the temperature increased from 25 t0150oC. 
The mode of operation i.e. sub-atmospheric or a sequential operation at 
atmospheric and sub-atmospheric pressure did not affect Sauter mean bubble 
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diameters. A greater uniformity and smaller equivalent spherical bubble diameters 
of 0.10 to 3.73 mm were obtained at temperatures of 100 and 150°C compared with 
values of 0.11 to 4.96 mm at the lower temperatures of 25 and 50°C. Examination of 
the effect of gas flow rate on bubble diameters was not possible in this study. 
4.2.3 PHOTOGRAPHIC COMPARISON OF NITROGEN BUBBLES IN 
SUNFLOWER OIL AT ATMOSPHERIC AND SUB-ATMOSPHERIC 
PRESSURES 
Experiments at atmospheric pressure were carried out to examine whether 
adsorption or volatilization of molecules from sunflower oil resulted in changes in the 
shape and size of bubbles. The design of experimental work was as follows: 
1. Sparging for 1 hour with nitrogen gas at 5 cm3/min, at atmospheric pressure, and 
temperatures in the range of 18-70oC in two narrow bubble columns, BC1 and 
BC2, of 2.7 cm diameter and HID ratio of 3.7, equipped with G-3 (20-30 LLm 
porosity) and G-4 (5-15 LLm porosity) spargers, respectively. Bubble photographs 
were taken after 5, 30 and 60 minutes of sparging. 
2. Sparging at atmospheric pressure for 1 hour in the VOC of HID ratio of 1 
equipped with a G-3 porosity sparger, at temperatures of 25-150oC, at a nitrogen 
gas flow rate of 100 cm3/min, followed by operation under vacuum (3 mbar) for 3 
hours (combined operation mode). Bubble photographs were taken after 2 hours 
of nitrogen gas sparging. 
3. Sparging nitrogen gas continuously for 4 hours under vacuum (3 mbar) in the 
VOC (H/D=1) equipped with a G-3 porosity sparger. Bubble photographs were 
taken after 2 hours of sparging. 
Photographs of bubbles at atmospheric pressure showed that bubbles close to the 
sparger i.e. in the formation region were small but mainly ellipsoidal in shape 
at temperatures of 18 to 70°C (Figures 4.8-4.11). A small population of large 
ellipsoidal bubbles were seen to rise in the central region of the column at 
temperatures of 18 and 25°C. The ellipsoidal shapes of the bubbles can be 
attributed to the viscous resistance of the oil. In addition, the column walls are likely 
to impose drag forces on the bubbles rising in these narrow diameter tubes. At 
temperatures of 50 and 70°C, an increased density of predominantly ellipsoidal 
bubbles was observed. Bubble coalescence was not obviously apparent either at 
171 
Figures 4.8 (a-d) Photographs of nitrogen bubbles sparged in sunflower oil at 18 
and 25°C, at atmospheric pressure in a bubble column with a G-4 sintered disc 
. after 30 minutes of s ar in at 5 cm-'imin 
(a) Formation region, 18°C (m=1.7) (b) Rise region, 18°C (m=1.4) 
(c) Formation region , 25°C (m=1 .5) (d) Rise region , 2EfC (m=1.4) 
Symbols: m: magnification 
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Figures 4.9 (a-d) Photographs of nitrogen bubbles sparged in sunflower oil at 18 
and 25°C, at atmospheric pressure in a bubble column with a G-3 sintered disc 
after 30 minutes of s ar in at 5 cmJ/min 
(a) Formation region, 18°C (m=1 .7) (b) Rise region, 18°C (m=1.5) 
(c) Formation region , 25°C Tm=1 .5) (d) Rise region, 25°C (m=1.7) 
Symbols: m: magnification 
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Figures 4.10 a, b Photographs of nitrogen bubbles sparged in sunflower oil at 50 
and 70oe, at atmospheric pressure in a bubble column with a G-4 sintered disc 
(after 30 minutes of sparging at 5 cmJ/min 
~~~~~~~~~~~~~ 
(a) 500 e (m=0.7) (b) 700 e (m=0.6) 
Figures 4.11 a, b Photographs of nitrogen bubbles sparged in sunflower oil at 
50 and 70oe, at atmospheric pressure in a bubble column with a G-3 sintered disc 
sparger of porosity range 20-30 ~lm 
(a) 500 e (m=0.6) (b)70oe (m=0.6) 
Symbols: m: magnification 
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the low or the high temperatures in BC1 and BC2. Significant foaming was observed 
at 18 and 25°C. 
Figure 4.12 shows a photograph of nitrogen bubbles in sunflower oil at atmospheri c 
pressure at 150°C, prior to the start of vacuum operation in the vac. The bubbles 
were small and spherical. No apparent coalescence or foaming were observed in 
the temperature range of 25 to 150°C. The design of the vacuum operated column 
was better than the design of BC1 or BC2 in that it gave small , spherical bubbles , 
under similar conditions of temperature and sparger porosity. 
Figure 4.12 Photograph of nitrogen bubbles in sunflower oil at 15cPC, at 
atmospheric pressure prior to application of vacuum (at 100 cmj /min; after 2 hours of sparging) 
(m=2.S) 
Symbols: m: magnification 
Figures 4.13 (a-d) show photographs of nitrogen bubbles in sunflower oil at sub-
atmospheric pressure during vacuum mode operation . Compared to the atmospheric 
pressure experiments, during vacuum operation the density of bubbles was 
marked ly increased . Bubble motion in the oi l during vacuum operation was random. 
The bubbles were not observed to rise upwards , but changed directions colliding 
with each other. The residence time spent by the bubbles in the oi l appeared longer 
under vacuum operation than that under atmospheric pressure . Bubble 
coalescence or foaming were not observed at temperatures in the range of 25 to 
150°C. 
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Figures 4.13 (a-d) Photographs of nitrogen bubbles sparged in sunflower oil under 
(a) 2Soe (m=1.4) (b) sooe (m=2) 
(c) 1000 e (m=2) (d) 1S0oe (m=1.3) 
Symbols: m: magnification 
Note: Photo~raphs taken after 2 hours of sparging 
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Figures 4.14 (a-d) Photographs of nitrogen bubbles at a sub-atmospheric 
pressure of 3 mbar in sunflower oil that it had been previously sparged for 1 hour 
at atmospheric pressure 
(d) 150°C (m=1 .3) 
Symbols: m: magnification 
Note: Photographs taken after 2 hours of sparging 
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Figures 4.14 (a-d) show photographs of nitrogen bubbles in sunflower oil after 
sequential sparging for 1 hour at atmospheric pressure and a further hour at sub-
atmospheric pressure. Similar shapes and sizes of bubbles to those obtained under 
sole vacuum operation were observed. 
In summary, this work has demonstrated that there was a decrease in the size of 
nitrogen bubbles in sunflower oil with temperature, both at atmospheric and sub-
atmospheric pressures. At atmospheric pressure the Sauter mean diameters 
(S.M.D.) of bubbles close to the sparger decreased from 1.68±0.20 mm to 0.97± 
0.05 mm, whilst the S.M.D. of rising bubbles decreased from 2.30±0.45 mm to 1.04 
±0.07 mm as the temperature increased from 18 to 70°C. At sub-atmospheric 
pressure of 3 mbar, the S.M.D. of bubbles in the bulk of the oil decreased from 
3.16±0.16 mm to 0.97±0.10 mm as the temperature increased from 25 to 150°C. 
During vacuum operation bubbles appeared to be larger than during atmospheric 
pressure operation at similar temperatures and sparger porosities. During vacuum 
operation the bubbles were well-mixed throughout the bulk of the oil whilst during 
atmospheric pressure operation they were found to rise in a central zone. After 2 
hours of sparging, bubble size and shape under vacuum at 3 mbar were similar to 
those obtained during sequential atmospheric and sub-atmospheric pressure 
operation. 
4.3 FOAMING PROPERTIES OF NITROGEN SPARGED SUNFLOWER 
OIL 
The foaming characteristics of semi-processed sunflower oil were examined at 
atmospheric pressure in a range of bubble columns, namely BC1, BC2, BC3, BC4 
and BC5. BC1 and BC2 were long and narrow columns with internal diameters of 
2.7 cm (H/D=3.7) and sparger porosities of G-3 (20-30 ~m) and G-4 (5-15 ~m), 
respectively. BC4 and BC5 had internal diameters of 4 cm (H/D=2.5) and were fitted 
with G-3 and G-4 spargers, respectively. BC3 was of similar dimensions to BC4 and 
BC5 but was fitted with a ring sparger with 6xO.5 mm holes. Foaming properties of 
sunflower oil were defined by two parameters: foam height and foaming rate. In 
the small diameter columns, BC1 and BC2, foam heights were measured after 5, 30 
and 60 minutes of sparging with nitrogen at a flow rate of 5 cm3/min. The volume of 
foam, Vf, was used to calculate the foaming rate, Rf (Rf = Vf/t, where t is time of 
sparging). In the wide diameter columns (BC3, BC4 and BC5), sunflower oil was 
sparged with nitrogengas at flow rates of 5, 15 and 100 cm3/min at 25°C and foam 
heights were closely monitored every 5 minutes for a period of 60 minutes. 
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Figures 4.15 (a-d) show that semi-processed sunflower oil did not foam at 
temperatures of 50 and 70°C. At temperatures of 18 and 25°C significant foaming 
was observed as shown in Figures 4.16 (a-d). Foams produced at both these 
temperatures mainly consisted of large distorted bubbles. Visual observations 
showed that foam structure was relatively unstable, and it changed continuously 
as a result of disproportionation, coalescence and bubble break-up within the foam. 
Additional disturbances were caused by bubbles arriving at the bottom layer of the 
foam. Similar observations have also been reported for foams formed in aqueous 
solutions (Narshimhan and Ruckenstein, 1986; Bikerman, 1958; Blom, 1937). As 
the temperature increased in excess of 50°C, the oil became clear and less turbid 
due to the dissolution of waxes at the higher temperatures (Figure 1; Appendix). 
Therefore at high temperatures, dissolved wax molecules may adsorb and spread 
at the bubble interface. 
Table 4.6 shows foam height measurements in BC1 and BC2 at 18 and 25°C after 
5, 30 and 60 minutes of nitrogen bubble sparging of semi-processed sunflower oil. 
Foam heights in the range of 2.0±0.70 cm to 3.1±0.40 cm were observed in both 
bubble columns at 18°C, whilst at 25°C, the foam heights ranged from 0.7±0.03 cm 
to 2.5±0.50 cm. Any large standard deviations were due to inaccuracies arising from 
. difficulties in measurement of heights of the dynamic and relatively unstable foams. 
In both bubble columns and at both temperatures, foam heights did not change 
significantly with increases in sparging time over a period of 5-60 minutes as 
confirmed by one-way analyses of variances which showed P-values of 0.46 and 
0.81 for BC2 and BC1, respectively (Table 4.7a). ANOVA analyses further verified 
that there were no significant differences in foam heights due to temperature 
increase from 18 and 25°C or due to the type of porous sparger used (Tables 4.7b 
and c). Foaming rates in the range of 0.38±0.13 cm3/min to 0.59±0.08 cm3/min 
were obtained in the two bubble columns at 18°C, whilst at 25°C, the rates ranged 
from 0.13 cm3/min to 0.48±O.01 cm3/min (Table 4.8a). ANOVA analyses showed 
that temperature or the time of sparging did not significantly affect the foaming 
rate of sunflower oil (Table 4.8b). AN OVA analyses also showed that foaming rate 
of sunflower oil at 5, 30 or 60 minutes of sparging was not significantly affected by 
the type of sparger (Table 4.8c). Therefore, foaming ability and foam stability (Le. 
foam formation and decay) as expressed by foaming rate and foam height, 
respectively were similar at 18 and 25°C in both bubble columns. 
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Figures 4.15 (a-d) Photographs of sunflower oil sparged with nitrogen at 50 and 
70°C in two bubble columns with sintered disc spargers of porosity ranges 20-30 
~lm (BC1) and 5-15 ~m (BC2). Note the absence of foam at these temperatures . 
(a) BC1 at 50°C (m=D.4) (b) BC1 at 70°C (m=D .6) 
(d) BC2 at 70°C (m=D .6) 
(after3D minutes of sparging at 5 cm-l/min) 
Symbols: m: magnification 
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Figures 4.16 (a-d) Photographs of foam in sunflower oi l sparged wi th nitrogen at 
18 and 25°C in two bubble columns with sintered disc spargers of porosity ranges 
_ _ (after 30 minutes of sparging at 5 cmJ/min) 
(a) BC1 at 18°C (m=1.5) (b) BC1 at 25°C (m=1 .6) 
(c) BC2 at 18°C (m=1 .5) (d) BC2 at 25°C (m=1 .9) 
Symbols : m: magnification 
18 1 
Table 4.6 Foam height data for sunflower oil sparged with nitrogen in two bubble 
columns BC1 and BC2 , 
Bubble column BC2 BC1 
Temperature (UC) 18 25 18 25 
Time (min) Foam SO Foam SO Foam SO Foam SO 
height height height height 
(em) (em) (em) (em) 
5 2.5 0.50 2.5 0.10 2.8 0.25 1.6 0.10 
30 2.5 0.20 1.9 0.05 3.1 0.40 0.7 0.08 
60 2.3 0.20 1.4 0.40 2.0 0.70 0.7 0.03 
.. Symbols: SD: standard deviation 
Table 4.7a One-way analyses of variances comparing foam height data at sparge 
times of S 30 and 60 minutes in each bubble column , 
I P-value IF-value I F-critical 
Bubble column 
BC2 (porosity 5-15 J.1m) 10.46 11.03 130.8 
BC1 (porosity 20-30 j.l.m) 10.81 10.23 130.8 
Interpretation: P>O.01 Indicates statistically not significant differences; P<O.01 indicates significant differences 
Table 4.7b One-way analyses of variances comparing foam height data at 18 and 
2SoC in each bubble column 
I P-value IF-value I F-critical 
Bubble column 
BC2 (porosity 5-15 j.l.m) 10.18 12.51 T 21.2 
BC1 (porosity 20-30 J.1m) 10.02 113.37 121.2 
.. 
. Interpretation: P>O.01 indicates statistically not significant differences; P<O.01 Indicates significant differences 
Table 4.7c One-way analyses of variances comparing foam height data at 18 and 
2SoC in two bubble columns 
P-value F-value F-critical 
Temperature(DC) 
18 0.61 0.31 21.2 
25 0.11 4.37 21.2 
.. Interpretation: P>O.01 indicates statistically not significant differences; P<O.01 indicates significant differences 
Table 4.8a Foaming rates (Rf) for sunflower oil sparged with nitrogen in two bubble 
columns BC1 and BC2 , 
Bubble column BC2 BC1 
Temperature 18 25 18 25 
(DC) 
Time (min) Rf SO Rf SO Rf SO Rf SO 
(em3/min) (em3/mln) (cm3/mln) (cm3/min) 
5 0.48 0.01 0.48 0.02 0.52 0.05 0.30 0.02 
30 0.48 0.04 0.35 0.01 0.59 0.08 0.13 0.01 
60 0.44 0.04 0.27 0.08 0.38 0.13 0.13 0.00 
Symbols: SD: standard deViation 
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Table 4.8b Two-way analyses of variances comparing foaming ra te data at 18 and 
2 °c d t' f 5 30 d 60 . t ' h b bbl I 5 an sparge Imes 0 , an mmu es In eac u e co umn 
Parameter Temperature Time 
P-value F-value F-critical P-value F-value F-critical 
Bubble column 
BC2 0.19 3.71 98.5 0.34 1.96 99.0 
(porosity 5-15 11m) 
BC1 0.06 15.87 98.5 0.42 1.37 99 .0 
(porosity 20-30 ~lm ) 
Interpretallon : P>O.01 Indicates statlsllcally not signi ficant diffe rences; P<O.01 indicates significant differences 
Table 4.8c One-way analyses of variances comparing foaming rate data at 18 and 
25°C in two bubble columns 
P-value F-value F-critical 
Temperature (OC) 
18 0.61 0.31 21 .20 
25 0.10 4 .37 21 .20 
Interpretation : P>O.01 indicates statlsllcally not signi ficant di fferences; P<O.01 Indicates significant diffe rences 
At 18 and 25°C a significant amount of clear, viscous material was deposited onto 
the column walls in the region of foam disintegration, as seen in Figure 4.17. 
Removal surface active species by adsorption onto the bubble surface and 
subsequent release at the region of bubble disengagement is a separation process 
that could be exploited in the future . For efficient removal , the bubbles and foam 
would have to be continuously siphoned off or else the adsorbed material would 
return back into the oil, showing no change in oil composition . Therefore, the 
development of a system for foam collection is recommended for low temperature 
removal of surface active species from semi-processed sunflower oil. 
Figure 4.17 Photograph of clear, viscous material deposited on bubble column 
walls during foam disintegration , at a temperature of 25°C at atmospheric pressure 
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Further experiments were carried out in order to study the effects of nitrogen gas 
flow rate and time of sparging on foam heights. Foam heights were measured 
every 5 minutes in the three wide diameter bubble columns (BC3, BC4 and BC5). 
The foam height data and nonlinear regression curves that fitted through the data 
are shown in Figures 4.18 and 4.19. In the sintered disc sparger bubble columns, 
foam height was persistent, ranging in height from 0.6±0.1 to 4.8±0.2 cm, only at 
the low gas flow rates of 5 and 15 cm3/min. Increasing the gas flow rate to 100 
cm3/min resulted in rapid foam decay after about 10 minutes (Figures 4.18a, band 
4.19a, b). In the bubble column with the ring sparger only a few large bubbles were 
formed, even at gas flow rates of 100 cm3/min. Therefore, foam accumulation was 
slow and the foam heights obtained were low, ranging from 0 to 0.5±0.1 cm 
(Figures 4.18c and 4.19a, b). 
Close monitoring of foam heights clearly showed that the quality of foam in nitrogen 
sparged sunflower oil was highly dependent both on gas flow rate and sparger type. 
In all three bubble columns foam heights firstly increased during 10-20 minutes of 
sparging and then either decreased or remained constant during the 60-minute 
period of sparging. In all three bubble columns, the relationship between foam 
heights and sparge time was best described by a fourth order polynomial regression 
equation i.e. 
(4.5) 
where Y is foam height (cm), X is time (min), 0 is V-intercept and a, 13, <p and \jI are 
coefficients that denote the relative dependence of foam height on first, second, 
third and fourth power of time. 
One-way analyses of variances verified that in all three bubble columns foam 
heights were significantly affected by gas flow rates in the range of 5 to 100 cm3/min 
(Table 4.9a). One-way analyses of variances also showed that the type of sparger 
had a significant effect on foam heights (Table 4.9b). 
Table 4.9a One-way analyses of variances comparing foam height data in each 
fI t f 5 3/ bubble column at gas owraeso to 100 cm min 
P-value F-value F-critical 
Bubble column 
BC5 (porosity 5-15 Ilm) 8x10'" 14.87 7.82 
BC4 (porosity 20-30 Ilm) 5x10'lU 41.35 5.25 
BC3 (6xO.5 mm holes) 3x10'" 18.78 5.25 
.. Interpretation: P>O.01 Indicates statistically not slgmficant differences; P<O.01 Indicates slgmficant differences 
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Figures 4.18 (a-c) Nonlinear regression fits of foam height data obtained for semi-processed 
swnflower oil sparged with nitrogen gas at flow rates of 5 and 15 cm3/min, at 25oC, in BC3, BC4 and BC5 
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Figures 4.19a, b Fits for foam height data obtained for semi-processed sunflower oil sparged 
with nitrogen gas at a flow rate of 100 cm3/min, at 250 C in bubble columns with porous and ring spargers 
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Table 4.9b One-way analyses of variances comparing foam height data for 
th b bbl I t h fI t ree u e coumns a eac gas ow ra e 
P-value F-value F-critical 
Gas flow rate (cm;S/min) 
5 8x10· 47.31 5.25 
15 5x10·'o 110.13 5.25 
100 6x10·" 4.03 7.82 
Interpretation: P>O.01 indicates statistically not significant differences; P<O.01 indicates significant differences 
Having characterized the properties of foams produced by sintered disc and ring 
spargers in semi-processed sunflower oil, one can also use the fourth order 
polynomial equation y=0+a.X+f3X2+cpX3+\jJ~ for predictive modelling. The 
coefficients a., f3, 0, cp and \jJ (shown in Table 4.10) were used in Excel (Microsoft 
Windows, version 7.0) to calculate and predict foam heights over a sparge period of 
0-120 minutes. These calculated foam height values were then represented 
graphically as shown in Figure 4.20. The curves show that the foam properties can 
only be predicted for sparging times up to 60 minutes. Since it is unlikely that foam 
production will cease beyond this period of sparging, a different equation that could 
be used to further predict foam properties would require availability of experimental 
results for sparge times beyond 60 minutes. 
Table 4.10 Values of the coefficients obtained from the polynomial equation 
y = 0+a.X+f3X2+cpX3+\jJ~ representing the relationship between foam height and 
sparge time in three bubble columns 
Bubble BC5 BC4 BC3 
column 
Coefficients of Gas flow rate (cm"/min) 
polynomial 
equation 
5 15 5 15 100 5 15 100 
5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
ex 0.579 0.366 0.440 0.667 0.464 -0.012 0.034 0.011 
13 -0.033 -0.024 -0.024 -0.032 -0.033 0.0015 -0.0016 ·1.9x10"s 
cP 6.6x10-4 5.4x10"" 4.8x10-4 6.5x10-4 7.6x10-4 -3.9x10·s 3.2x1Q-5 .1.3x10"s 
\II -4.6x10-6 -4.1x10·" -3.3x10-6 -4.7x10-6 -5.7x10-6 3.2x1 0"7 ·2.4x10"7 1.3x10"7 
Interpretation: P>O.05 indicates statistically not significant differences; P<O.05 Indicates significant differences 
In summary, sunflower oil did not foam at temperatures in excess of 50°C. In 
narrow bubble columns with height to diameter ratio of 3.7 and sintered spargers of 
5-15 and 20-30 J.1m porosity, foam stability was similar at temperatures of 18 and 
25°C and it was not affected by the sparger pore size or the time of sparging. In 
wide bubble columns with height to diameter ratio of 2.5 and sintered spargers of 5-
15 and 20-30 J.1m porosity, the foam height increased initially and then decreased 
with time of sparging over a period of 60 minutes. For the foam produced by the 
ring sparger, the height increased with sparge time over 60 minutes. The smallest 
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porosity sparger (Le. 5-15 ~m) gave maximum foam heights at gas flow rates of 5 
cm3/min, whilst the larger porosity sparger (Le. 20-30 ~m) and the ring sparger gave 
the highest foam heights at gas flow rates of 15 cm3/min. Interestingly, a fourth 
order polynomial equation strongly predicted the relationship between foam heights 
and the time of nitrogen gas sparging in both sintered disc and large-holed orifice 
spargers. It remains to be verified experimentally whether this polynomial 
relationship would hold at sparging times in excess of 60 minutes. 
Figure 4.20 Theoretical relationships of change in foam heights with time of 
sparging at gas flow rates of 5, 15 and 100 cm3/min in bubble columns fitted with 
orous and rin s ar ers 
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4.4 EFFECT OF OPERA TlNG PARAMETERS ON THE COMPOSITION 
OF SUNFLOWER OIL 
Sunflower oil refining results in the removal of certain constituents that adversely 
affect the properties of the marketed product. These are either naturally present in 
the oil or are formed during storage and processing. Free fatty acids, peroxides, 
carotenes, phosphatides and odoriferous compounds are some of the main 
components that need to be removed. 
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• Free fatty acids give rise to off-taste and are produced by partial hydrolysis of 
glycerides. They also affect the physical properties of the oil by causing a 
decrease in smoke and flash points. 
• Peroxides are the products of oil oxidation that are formed during storage or 
processing if for example oxygen or light are present. They adversely affect the 
taste and odour properties of the oil. 
• Carotenes are the oil's natural colouring components. The presence of double 
bonds in carotene molecules increases oil susceptibility to oxidation. 
• Phosphatides are desirable in small concentrations because of their high 
biochemical significance as they constitute basic building blocks of the cells, 
function as intermediaries for the transportation and digestion of fatty acids, 
are important factors in biological oxidations and participate in the changes that 
cause blood thickening. However at increased concentrations, phosphatides 
have an adverse effect on the stability and taste of the oil. 
• Volatile constituents such as aldehydes, ketones and free fatty acids affect oil 
odour and make it unattractive to the customer. 
It is therefore clear that removal of these components from oil is highly desirable. 
Steam deodorization or nitrogen gas sparging at high temperatures result in the 
removal of the above volatile species that impart odour or colour. In this work, the 
effect of nitrogen sparging on the composition of sunflower oil was evaluated at 
temperatures lower than 150°C. The presence of free fatty acids, peroxides, 
carotenes, phosphatides and odour were examined in the nitrogen sparged 
sunflower oil. Analysis of these components formed the basis of comparison of high 
temperature steam deodorization with low temperature nitrogen gas sparging. 
In this study, semi-processed sunflower oil was sparged with nitrogen gas in the 
vacuum operated column (VOC) at temperatures of 25 to 150°C. Experiments 
were carried out for 4 hours at 3 mbar (vacuum operation) or for 1 hour at 
atmospheric pressure at a gas flow rate of 100 cm3/min followed by nitrogen gas 
sparging at 3 mbar for 3 hours (combined operation). Oil samples were analyzed for 
free fatty acid content and peroxide content by titration; carotene content by 
evaluation of colour using spectrophotometry; phosphorus content by atomic 
absorption spectrometry and odour by organoleptic paneling. All methods are 
described in materials and methods, Section 3.2.3. In addition, a range of Greek 
and European commercial sunflower oils (A-J) that had been steam deodorized and 
stored on the shelves of a supermarket store were also analyzed for comparison. 
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The analytical results for pre-treated, nitrogen sparged and commercial sunflower 
oils are displayed in Table 4.11. The free fatty acid content (represented as % 
acidity) in the pre-treated, semi-processed sunflower oil was 0.BO±0.03 % 
compared with a range of 0.10% to 0.29±0.01% in the selection of nine commercial, 
steam deodorized oils. Nitrogen bubble sparged oils had a free fatty acid content 
ranging from 0.79% to 0.B4±0.02%. Nitrogen bubble sparging under vacuum or in 
combined atmospheric pressure and vacuum operation at temperatures ranging 
from 25 to 150°C did not change the free fatty acid content of the sunflower oil 
(Figure 4.21 a and Table 4.12a). The free fatty acid content of nitrogen sparged oils 
at temperatures in the range of 25 to 150°C was similar to that of the pre-treated 
sunflower oil (Table 4.12b; P=0.09). Although there was significant variation 
amongst the commercial, steam deodorized oils, these had significantly lower free 
fatty acid contents than the nitrogen sparged oils, as was shown by P-values of 
B.2x10-14 and 1.4x10-5\ respectively (Table 4.12c). It is clear that nitrogen 
sparging needs to be carried out at temperatures in excess of 150°C in order to 
remove free fatty acids. 
Table 4.11 Analytical results for nitrogen sparged and commercial sunflower oils 
Samplel Free fatty acid Peroxide Colour Phosphorus Odour 
Temperature content Value (% light concentration score 
(% acidity) (meq/K, oil) transmission) (ppm) 
Mean SO Mean SO Mean SO Mean SO Mean 
Pre-treated 0.80 0.03 15.13 0.57 45.47 0.64 4.58 0.68 5 
sunflower 
oil/25°C 
Vacuum treated sunflower oil 
25°e 0.80 0.03 10.30 0.22 43.43 0.96 4.32 0.72 6 
500e 0.81 0.01 10.12 0.18 45.83 0.89 4.04 1.33 6 
1000e 0.79 0.00 13.10 0.41 53.17 1.22 4.32 1.01 8 
1500e 0.84 0.01 1.40 0.33 32.00 1.40 3.23 0.72 8 
Atmospheric pressure/vacuum treated sunflower oil 
25°e 0.81 0.02 9.91 0.25 47.07 1.89 5.45 0.65 5 
500e 0.83 0.02 8.78 0.17 51.17 1.22 6.64 1.14 6 
1000e 0.84 0.02 11.49 0.59 49.33 1.56 6.44 0.92 8 
1500e 0.83 0.00 1.72 0.91 34.97 0.82 7.37 0.40 8 
Steam deodorized finished products at temperatures>2000e) 
A 0.15 0.00 1.80 0.29 74.37 0.78 1.17 0.11 9 
B 0.12 0.01 1.44 0.31 84.17 1.24 1.13 0.18 9 
e 0.14 0.01 0.40 0.10 72.73 0.78 1.10 0.07 9 
0 0.11 0.00 5.57 0.54 75.10 0.33 NA NA 9 
E 0.16 0.00 0.91 0.04 70.07 0.31 1.10 0.13 9 
F 0.10 0.00 3.82 0.15 78.70 0.33 1.50 0.07 9 
G 0.29 0.01 NA NA 60.70 0.33 NA NA 9 
H 0.24 0.01 2.99 0.16 55.20 0.40 1.23 0.11 NA 
J 0.13 0.00 3.18 0.23 65.90 0.33 NA NA NA 
.. Symbols: so: standard deViation; NA: values are not available 
SPECIFICATIONS: Free fatty acid content < 0.100/0; Peroxide value = 0 meq/Kg oil; 
Phosphorus concentration <5 ppm (Elais S.A., Greece) 
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Figures 4.21 (a-e) Composition of nitrogen sparged sunflower oil at temperatures in the range of 25 to 1500C 
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Table 4.12a Two-way analyses of variances comparing the composition of 
sunflower oil subjected to two nitrogen sparging operations at temperatures in the 
f 25 t 150°C range 0 0 
Effect of operating parameter 
Analyses Temperature Mode of operation 
P-value F-value P-value F-value 
Free fatty acids 0.50 1.00 0.26 1.96 
PV -
25-100oC 0.045 21.27 0.10 8.84 
25-150°C 0.0014 111.35 0.19 2.87 
Colour 0.027 14.76 0.39 1.00 
Phosphorus 0.90 0.19 0.28 1.76 
Odour 0.025 15.23 0.42 0.88 
. . 
.' . Interpretation: P>0.05 Indicates statistically not significant differences; P<0.05 Indicates significant differences 
Table 4.12b Two-way analyses of variances comparing the composition of 
sunflower oil sparged with nitrogen at temperatures in the range of 25 to 150°C with 
t t d ·1 pre- rea e 01 
Analyses P-value F-value 
Free fatty acids 0.0900 3.72 
PV (25-100°C) 0.0054 25.21 
Colour 0.8200 0.21 
Phosphorus 0.0040 16.53 
Odour 0.0240 7.43 
Interpretation: P>0.05 Indicates statistically not significant differences; P<0.05 indicates significant differences 
Table 4.12c Two-way analyses of variances comparing the composition of 
sunflower oil sparged with nitrogen at temperatures in the range of 25 to 150°C with 
commercial steam deodorized sunflower oils , 
Analyses Comparing commercial oils Comparing commercial and 
nitrogen sparged oils 
P-value F-value P-value F-value 
Free fatty acids 8.2x10"" 161.00 1.4X10-o 1 6708.00 
PV 5.3x10' 104.63 0.601'1 NA 
Colour 3.2x10'" g 325.16 1.7X10' 64.59 
Phosphorus NA NA 0.06 4.65 
Odour 0.20 1.49 0.62\;£) 0.31 
Interpretation: P>0.05 Indicates statistically not significant differences; P<0.05 indicates significant differences 
Symbols: NA: values are not available 
Notes: (1) outcome of t-test; commercial, steam deodorized oils were compared with oils sparged with nitrogen at 
150°C; (2) commercial, steam deodorized oils were compared with oils sparged with nitrogen at 100 and 1SOoC 
The peroxide content of the pre-treated, semi-processed sunflower oil was 15.13± 
0.57 meq/Kg oil compared with a range of 0.40±0.1 0 to 5.57±0.54 meq/Kg oil in the 
seven selected commercial oils (Table 4.11). The variation in peroxide content 
amongst the commercial, steam deodorized sunflower oils was significant, as 
shown in Table 4.12c (P=5.3x10-11). After nitrogen bubble sparging of sunflower oil 
at temperatures in the range of 25 to 100°C, the peroxide content dropped from 
15.13±0.57 meq/Kg oil to 8.78±0.17 meq/Kg oil. The lowering of peroxide value was 
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similar in both vacuum and combined operations (Table 4.12a). Although two-way 
ANOVA results showed that this decrease in peroxide content due to temperature 
was significant and that the nitrogen sparged oil differed from the pre-treated one 
(Tables 4.12a and b), the oil is not commercially acceptable. At 150°C, in both the 
vacuum and combined mode operated systems, rapid decreases in peroxide values 
to 1.72±0.91 meq/Kg oil and 1.40±0.33 meq/Kg oil were achieved, respectively 
(Figure 4.21b). These values are comparable to the peroxide content of commercial 
finished oils (P=0.60; Table 4.12c), but none of these gave a zero value, as 
specified by Elais, S.A. However, the results clearly show that removal of peroxides 
is achievable with nitrogen bubble sparging at temperatures in excess of 100°C. 
An increase in the percentage value of light transmission implies that more light 
passes through the sample under investigation. In the commercial sunflower oil 
samples the % transmission values ranged from 55.2±0.4 to B4.17±1.24 (Table 
4.11). Two-way ANOVA showed that this variation was significant (Table 4.12c). 
The colour of the nitrogen sparged sunflower oil at temperatures of 25 to 150°C 
gave transmission values ranging from 32±1.40% to 53.17±1.22% and the colour of 
the pre-treated, semi-processed oil (45.47±0.64%) was not much different (P=0.82; 
Table 4.12b). In both the vacuum and combined operations, the %age light 
transmission was similar in the temperature range of 25 to 150°C (Figure 4.21 c and 
Table 4.12a). As seen in Table 4.12c, the colour of nitrogen sparged sunflower oils 
was significantly different than the colour of the commercial, steam deodorized oils 
(P=1.7x10·17). Nitrogen gas sparging has been reported not to affect the colour of 
sunflower oil even at temperatures in excess of 200°C (Graciani Constante et ai, 
1994). 
Phosphorus contents of nitrogen sparged oils at temperatures of 25 to 150°C were 
in the range of 3.23±0.72 ppm to 7.37±0.40 ppm. Phosphorus content of the 
control was 4.58±0.68 ppm, whilst that of commercial sunflower oil was around 1 ± 
0.09 ppm (Table 4.11). Figure 4.21 d shows that the phosphorus content of 
nitrogen sparged sunflower oil remained constant at temperatures of 25 to 150°C, 
and that phosphorus content of the oil that was subjected to sequential 
atmospheric and sub-atmospheric pressures was higher. Two-way ANOVA which 
returned P-values of 0.90 and 0.28, respectively showed that the phosphorus 
content of nitrogen sparged oils was not significantly affected by temperature or the 
mode of operation (Table 4.12a). On the basis of the statistical analyses shown in 
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Table 4.12c and the Elais specifications for phosphorus' concentrations less than 5 
ppm (Table 4.11), the nitrogen sparged oils could be considered as commercially 
acceptable. However, it is obvious that nitrogen sparging at temperatures in the 
range of 25 to 1500e does not remove phosphatides from sunflower oil and that the 
commercial, steam deodorized oil with phosphorus concentrations close to 1 
ppm are superior to the nitrogen sparged oils. 
The odour of sunflower oil samples is measured on a scale of 1-10, called the odour 
score, 10 being the least odoriferous sample. All seven of the commercial sunflower 
oils had an odour score of 9±0.65, whilst the semi-processed untreated oil had an 
odour score of 5 (Table 4.11). During both vacuum and combined operations the 
odour score values increased with temperature. At 100 and 150oe, a value of 8± 
0.27 was achieved in both systems, showing significant success in removal of 
volatile odoriferous species (Figure 4.21e and Tables 4.12a, b). The odour of 
sunflower oil sparged with nitrogen at temperatures of 1 00 and 1500e was shown to 
be similar to the odour of commercial, steam deodorized oils (Table 4.12c; P=0.62). 
The true nature of the odoriferous components removed by relatively high 
temperature nitrogen sparging yet remains to be established by further analyses 
such as chromatography and mass spectroscopy. 
In summary, this study has demonstrated that nitrogen gas sparging of sunflower oil 
under vacuum at 3 mbar or sequentially at atmospheric and then at sub-
atmospheric pressure did not remove free fatty acids, carotenes and phosphorus 
in the temperature range of 25 to 150oe. However during operation at temperatures 
of 1500e the peroxide content of sunflower oil was reduced to commercially 
acceptable limits. A reduction in peroxide content from 15.13±0.57 meq/Kg of oil to 
1.40±0.33 meq/Kg of oil was achieved. This work has also demonstrated that 
nitrogen gas sparging at temperatures in excess of 1000e will successfully reduce 
the off-odours in sunflower oil. 
4.5 DISCUSSION 
High temperature steam deodorization is an important refining stage for edible oils 
that removes volatile and odoriferous components. The advantages of steam 
deodorization include high quality product, high product yields, ease. of 
operation, reduced manpower and possibility of automation. Although there is a 
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wide-spread acceptance of steam deodorization there are a number of significant 
disadvantages that are also associated with it. The main side-effects occur due to 
the use of high temperatures resulting in the formation of trans isomers, 
polymerization reactions, destruction of natural antioxidants and vitamins. High 
temperature nitrogen gas stripping at temperatures of 200-260oC although reported 
to be as effective as steam deodorization in removing contaminants from edible oils 
(Ruiz-Mendez et aI, 1996; Cvengros, 1995; Graciani Constante et aI, 1994), is 
likely to cause similar side-effects. In order to eliminate these problems, there is a 
need to operate at low temperatures. At the high temperatures used in steam or 
nitrogen gas stripping processes, removal of contaminants will be predominantly 
due to volatilization. The work of Pinheiro and deCarvalho (1994) showed that a 
highly volatile tracer (pentane) was successfully removed from sunflower oil by 
nitrogen gas sparging at a low temperature of 25°C. It has not yet been 
demonstrated whether volatile and surface active contaminants in sunflower oil can 
be removed by nitrogen bubble sparging at temperatures below 200°C. 
The hypothesis of this work was that nitrogen bubbles sparged at temperatures in 
the range of 18 to 150°C are able to remove odoriferous, surface-active or volatile 
contaminants from shallow bubbling pools of sunflower oil. It is known that a 
number of sunflower oil contaminant species such as free fatty acids, peroxides 
and their decomposition product~, phosphatides, mono- and di-glycerides are 
volatile, surface active or odoriferous (Cheng et aI, 1994; Przybylski and Hougen, 
1989; Formo, 1979; Jungermann, 1979; Kuhrt et aI, 1950; Feuge, 1947). It was 
therefore important to study the fundamental dynamiCS of nitrogen bubbles in 
sunflower oil and to also assess the foaming characteristics of the oil. A change in 
bubble size and shape would confirm adsorption and volatilization mechanisms 
(Pinheiro and deCarvalho, 1994; Zha and Sun, 1994; Kawase and Ulbrecht, 1982; 
Kirkpatrick and Lockett, 1974; Raymond and Zieminski, 1971; Lochiel, 1965; 
Schechter and Farley, 1963; Shearer and Akers, 1958). The presence of foam 
would confirm adsorption of surface active components (Tharapiwattananon et aI, 
1996; Shaban, 1995; Mohan and Lyddiatt, 1994; Uraizee and Narshimhan, 1990a, 
b; Narshimhan and Ruckenstein, 1986; Chartoff et al; 1983; Callaghan and 
Neustadter, 1981; Shearer and Akers, 1958). In chemical engineering operations 
large surface areas per unit volume are associated with increased mass transfer 
rates. In the work of Rivers (1990), the importance of producing uniform distribution 
of steam bubbles of the correct size to facilitate removal of contaminants from oils 
has been emphasized. In this work, generation of small sized bubbles in order to 
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increase surface area per unit volume was also considered to be important. The 
use of small porosity spargers e.g. G-3 and G-4 sintered discs with pore sizes of 
20-30 and 5-15 J.l.m, respectively has been shown by Zhang (1993) to generate 
small bubbles. Similar sintered discs were used in this study in order to confirm 
whether small bubbles could be generated in shallow pools of sunflower oil using 
nitrogen gas. The work in this study was restricted to shallow pools i.e. HID ratios of 
1-3 because other investigators (Cvengros, 1995; Graciani Constante et aI, 1994) 
had shown that shallow or thin film contactors were effectively removing 
contaminants from edible oils at high temperatures. 
Sparging of sunflower oil with nitrogen gas in shallow bubble pools at atmospheric 
pressure and different temperatures resulted in S.M.D. values in the range of 0.90± 
0.08 mm to 2.30±0.45 mm. Diameters of detached bubbles decreased from 1.68± 
0.20 mm to 0.90±0.08 mm, whilst diameters of rising bubbles decreased from 2.30 
±0.45 mm to 1.04±0.07 mm when temperatures increased from 18 to 70°C. A 
reduction in bubble diameter at increased temperatures can be explained due to 
rapid closure and rapid detachment of bubbles caused mainly by reduced oil 
viscosity and inertia. At high temperatures, the reduction in oil viscosity causes the 
bubbles to experience smaller downward drag forces (Zha and Sun, 1994), whilst 
the reduced inertia of the surrounding oil results in a faster response of the oil in 
returning to its prime position (Mc;lrmur and Rubin, 1976; Lanauze and Harris, 
1974). The effects of rapid bubble closure and detachment are a reduction in the 
amount of nitrogen gas that enters the bubble and reduced chances of 
interferences or coalescence between bubbles (Deshpande et aI, 1992). Under 
these circumstances formation of larger bubbles is minimized. Another factor that 
may cause a reduction in bubble size is the increased solubility of nitrogen gas in 
sunflower oil at the higher temperatures (Formo, 1979). This would result in an 
increased rate of diffusion of nitrogen gas from the bubble cavity into the 
surrounding oil. In this study the time of sparging, from 5 to 60 minutes, had no 
effect on S.M.D. suggesting that rate of diffusion of nitrogen gas out of the bubble 
was either nil or constant at any temperature, implying that the rates of 
accumulation and desorption of surface active molecules on the bubble surfaces 
were also constant. Morick and Woermann (1993) had attributed the absence of 
gas exchange between air bubbles and surrounding silicone oil to adsorption of 
surface active molecules onto the bubble interfaces. 
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The observation that bubble coalescence did not occur in the oil at atmospheric 
pressure and temperatures in the range of 18 and 70°C also suggests that 
surfactants had adsorbed at the bubble interfaces. In mineral oils, soluble 
surfactants have also been reported to adsorb at bubble interfaces and to have 
prevented coalescence (Shearer and Akers, 1958). Prevention of bubble 
coalescence by adsorbed surfactants is also commonly reported in aqueous 
systems (Kantak et aI, 1995; Chaudhari and Hofmann, 1994; Geary and Rice, 
1991; Keitel and Onken, 1982; Kirkpatrick and Lockett, 1974). During bubble rising, 
direct collisions were observed at the low temperatures of 18 and 25°C. Larger 
bubbles collided with preceding smaller ones. Wake capture collisions were seen 
when a single bubble was caught in the wake of the previous one or when bubbles 
collided at an angle. Collisions at an angle were also seen at the higher 
temperatures of 50 and 70°C. When bubbles collided, they moved away. Similar 
collision behaviour in aqueous systems has been reported to cause bubble 
interactions that resulted in coalescence (Chaudhari and Hofmann, 1994; Prince 
and Blanch, 1990; McBride et aI, 1980). However, the adsorption of surfactants (in 
particular charged surfactants) has been reported to also cause bubble repulsions 
and coalescence inhibition (Prince and Blanch, 1990; Keitel and Onken, 1982; 
Marrucci and Nicodemo, 1967). 
According to the literature, coalescence is reduced in viscous fluids because the 
rate of thinning of the thin films is reduced (Chaudhari and Hofmann, 1994). The 
viscosity of refined sunflower oil in the temperature range of 18-70oC, decreased 
from 5x10-2 to 1.3x10-2 Kg/ms whilst viscosity of water in the same temperature 
range is 4.5x10-5 to 1.1 x1 0-3 Kg/ms (Perry and Chilton, 1973; Kern, 1965). The 
viscosity of semi-processed sunflower oil is likely to be higher than that of the 
refined oil because of the presence of large molecules such as waxes, free fatty 
acids, etc. Therefore, we can conclude that bubble coalescence did not occur in 
the bulk of nitrogen sparged sunflower oil due to the presence of surfactant layers at 
the bubble surface which result in high viscosity, or charged thin films which 
impede bubble interactions. 
In addition to the absence of bubble coalescence, bubble break-up was also not 
observed within the sunflower oil. This was not unexpected because there were no 
turbulent eddies to facilitate this process (Prince and Blanch, 1990; McBride et aI, 
1980). Rapid bubble rupture was observed at the oil surface only at high 
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temperatures (i.e. 50-70°C) and can be explained due to an increased rate of film 
thinning and film rupture, caused by a reduction in oil viscosity at high temperatures. 
At 18 and 25°C, the bubbles accumulated at the surface because at these low 
temperatures the oil viscosity was increased, and hence slower draining liquid films 
were established giving rise to a dry, polyhedral foam. Similar temperature related 
effects were observed in aqueous systems (Geary and Rice, 1991; McBride et al , 
1980). 
Bubble diameters were significantly larger in the rise region than in the formation 
region of the shallow bubble pools. In the G-3 and G-4 sparged bubble columns, the 
diameters of bubbles close to the sparger were in the ranges of 1.02±0.11 mm to 
1.68±0.20 mm and 0.90±0.08 mm to 1.49±0.1S mm, respectively whilst in the rising 
region the diameters of bubbles ranged from 1.04±0.07 mm to 1.90±0.42 mm and 
1.2S±0.05 mm to 2.30±0.45 mm, respectively. The increase in bubble size 
observed during their rise in shallow oil pools can be explained either due to a 
decrease in hydrostatic pressure that occurs as the bubbles rise to the oil surface 
(Chabot et aI, 1993; Yao et aI, 1991) or due to the diffusion of volatile components 
into the bubble cavities (Morick and Woermann, 1993). The results obtained in this 
study contradict those of Parthasarathy and Ahmed (1996) who reported that the 
sizes of bubbles rising in an aqueous non-coalescing medium did not change. 
These authors had not stated their experimental temperature and therefore it is 
assumed that these studies were carried out at ambient conditions. 
The direct bubble measurements in this work indicated that G-4 and G-3 porosity 
spargers gave similarly sized bubbles and multilinear regression analyses of S.M.D. 
bubble sizes have given similar equations for both spargers. However, ANOVA 
statistical analyses showed that bubbles in both the rise and formation regions were 
smaller in the column with the larger sintered disc porosity sparger (i.e. G-3) 
compared with the smaller porosity sparger (i.e G-4). These results contradict 
literature studies which report that at low gas flow rates smaller, single orifice 
spargers produced smaller bubbles (Geary and Rice, 1991; Miyahara et aI, 1983). In 
aqueous systems Akita and Yoshida (1974) showed that bubbles from G-3 and G-4 
porosity spargers were similarly sized. 
The S.M.D. of nitrogen bubbles observed at atmospheric pressure in sunflower oil 
(0.90±0.08-1.49±0.1S mm and 1.02±0.11-1.68±0.20 mm for the G-3 and G-4 
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porosity spargers, respectively) were larger than the S.M.D. values reported by 
Parthasarathy and Ahmed (1996) (0.300-0.400 mm and 0.200-0.300 mm for a G-3 
and a G-4 sparger, respectively) who also used porous sintered disc spargers in 
aqueous non-coalescing media. Sunflower oil contains large molecules and has a 
higher viscosity compared to the dilute alcohol solution (50 ppm v/v) used by 
Parthasarathy and Ahmed (1996). Since downward drag forces are proportional to 
viscosity, it is believed that the larger bubbles were observed in sunflower oil 
because downward drag forces delayed bubble detachment and consequently, 
expansion of the bubbles occurred due to gas entry. It is also possible that only the 
larger pores in the sinters effectively generated bubbles because the smaller pores 
may hc;.ve been blocked. The reduction in bubble sizes that was observed during 
atmospheric pressure experiments by the use of a G-3 porosity sparger justified 
the selection of a column equipped with a G-3 porosity sparger for subsequent 
vacuum operated experiments. 
At atmospheric pressure, in shallow oil pools, the bubbles were mainly ellipsoidal in 
shape. These ellipsoidal shapes of bubbles may be attributed to the viscous 
resistance of the oil and to the drag forces exerted on the bubbles by the column 
walls in the narrow bubble columns. According to Zha and Sun, bubbles in oils at 
the formation stage are spherical; but change to ellipsoidal upon detachment due to 
viscous resistance of the oil. These subsequent shape changes of bubbles indicate 
low surface coverage by surfactants. Air bubbles in a paraffinic oil were reported to 
be of spheroid shape (Chabot et al,1992); whilst Shearer and Akers (1958) 
reported spherical shapes of nitrogen bubbles in silicone-contaminated mineral oils. 
Semi-processed sunflower oil has a significant propensity of foaming at 
temperatures of 18 and 25°C. Statistical analyses showed that there was no 
significant difference in foam heights at these two temperatures. Foaming at low 
temperatures may be explained by adsorption of insoluble molecules which result 
in viscous layers around the bubbles, leading to increased bubble stability. Shearer 
and Akers (1958) found that in heavy oils, foaming was enhanced by adsorption of 
silicone surfactant present either as particles of sizes in excess of 100 J..I.m or 
dissolved in the oil at low concentrations. Foam stability in oils has been reported to 
be determined by bulk and surface viscosities because repulsion due to charged 
bubble surfaces was not possible in nonpolar foams (Maini and Sarma, 1994). 
Other mechanisms of bubble behaviour observed in aqueous systems may also be 
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relevant to nitrogen sparged sunflower oil systems. For example, Chaudhari and 
Hofmann (1994) reported that increased resistance to film stretching upon bubble 
collisions leads to a low rate of liquid drainage of the films surrounding bubbles. 
Therefore, it is reasonable to assume that, in sunflower oil, surfactant adsorption at 
the bubble interface at low temperatures would result in thicker, slow draining films. 
Foam stability has been observed to increase with viscosity -in oils during frying 
(Bracco et aI, 1981), in refined mineral oils (Callaghan et aI, 1983; Callaghan and 
Neustadter, 1981) and in aqueous systems (Narshimhan and Ruckenstein, 1986; 
Bikerman, 1958). Despite the high oil viscosity, the foams in sunflower oil were 
polyhedral, implying that they were relatively unstable due to fast draining liquid 
films. This is contradictory to the work of Narshimhan and Ruckenstein (1986) who 
showed that in aqueous systems liquid drainage was retarded in viscous liquids. 
The work in this study has also clearly demonstrated that at temperatures below 
25°C, foaming properties of sunflower oil were highly dependent on the type of 
sparger and the gas flow rates used. Bubble formation should occur at a rate which 
will be sufficient to cover the oil surface to enable foam accumulation over a period 
of time. Depending on the type of sparger used there was an optimum gas flow rate 
at which maximum foam height and stability were achieved. The foaming ability 
during the first 10-20 minutes was higher in bubble columns with sintered disc 
spargers compared with a large-holed ring sparger. However, the foams arising 
from the sintered disc spargers tended to diSintegrate after prolonged sparging. 
When using the ring sparger, prolonged sparging resulted in progressively 
enhanced foaming. Foam height reduction with time after an initial increase was 
also observed by Bracco et a/ (1981) in oils during frying. Both disproportionation 
and coalescence lead to the formation of large bubbles and subsequent bubble 
break-up within a foam (Ronteltap, 1989; Sebba, 1987; deVries, 1972). Since 
disproportionation is a spontaneous process, it eventually leads to foam decay 
(deVries, 1972). Therefore, the difference in behaviour of foams produced in 
sunflower oil by the sintered and ring spargers were due to differences in bubble 
frequency and size and in the disproportionation and coalescence rates in the 
foams. At high gas flow rates, disturbances caused by new bubbles further 
contributed to increased foam diSintegration. 
Foaming at low temperatures, resulted in an obvious deposition of matter at the oil 
surface. It is possible that the removed material contained insoluble waxes. 
Callaghan and Neustadter (1981) had attributed increased foam stability of natural 
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gas-crude oil systems to an increased selectivity of waxes for natural gas surfaces 
as compared to air. This foam flotation process may be used advantageously to 
remove wax-like materials. Contaminant removal by adsorption onto the bubble 
surface and subsequent release at the region of bubble disengagement is a process 
that needs to be further exploited. It is recommended that studies are carried out in 
this area in order to establish whether foam fractionation using nitrogen bubble 
sparging is an effective means of "cleaning-up" unprocessed or semi-processed 
edible oils. For efficient removal, the implementation of a system for foam 
collection should be examined. Highly sensitive qualitative and quantitative analyses 
of the oil and foam constituents need to be carried out to detect minor changes in oil 
composition. 
The semi-processed, nitrogen sparged sunflower oil did not foam at atmospheriC 
pressure and temperatures in excess of 25°C. Absence of foam at high 
temperatures was also previously reported in both aqueous and oil systems 
(Shaban, 1995; Lewis and Minyard, 1994; Callaghan et ai, 1983; Callaghan and 
Neustadter, 1981; Kirk-Othmer, 1980; Shearer and Akers, 1958). A combination of 
surface tension gradient and viscosity effects caused the bubbles to rupture rapidly 
at the oil surface. In addition, higher temperatures gave rise to small bubbles with 
high internal pressures. At the oil surface, the large pressure differential between 
the bubbles and atmosphere resulted in a high driving force for gas diffusion from 
the bubbles to the atmosphere (Ronteltap, 1989; deVries, 1972). Therefore, it is 
unlikely that foaming would be a problem during high temperature processing of 
sunflower oil using nitrogen bubbles. There have not been any reports of foam 
related problems at high temperatures. 
Foaming was not observed in the vacuum operated contactor (VOC) during vacuum 
operation. Bubbles reaching the oil surface ruptured quickly because of enhanced 
diffusion of gas out of the bubble cavity due to a large concentration difference 
created by the application of vacuum. At anyone gas flow rate the gas will flow at a 
higher velocity out of a sparger pore or orifice during vacuum operation compared 
with sparging at atmospheric pressure. This is the reason why a high frequency of 
bubbles was observed during vacuum operation. The application of vacuum results 
in a markedly improved gas-liquid contactor design. It is reasonable to deduce that 
the mass transfer characteristics of the shallow bubble pools operated under 
vacuum will be far superior to those operated at atmospheric pressure. For 
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example, Pinheiro and deCarvalho (1994) showed that in shallow bubbling pools 
the efficiency of removal of pentane from sunflower oil decreased proportionally with 
an increase in operating pressure to atmospheric. During vacuum operation the 
operating pressure, P, is low (e.g. 3 mbar) and hence the hydrostatic pressure, PH, 
significantly affects the total pressure exerted on the bubbles, Pb (Pb= P + PH; with 
PH = PL.g.h where PL is the density of the liquid; g is the acceleration of gravity and 
H is the liquid level above the sparger; Streeter and Wylie, 1979). For example, at 
an operating pressure of 3 mbar and an oil level of 10 cm, the contribution of 
hydrostatic pressure to the total pressure experienced by the bubbles close to the 
sparger will be 3 times higher than the operating pressure. Therefore as the 
bubbles rise in pools of sunflower oil one could expect an increase in bubble size or 
bubble expansion under vacuum. 
Another cause for bubble expansion under vacuum is the diffusion of volatiles into 
the bubble cavities. The rate of mass transfer and whether equilibrium is achieved 
or not will depend on the initial bubble size at formation, the hydrostatic pressure 
and volatilization into the bubble cavities. Therefore, the photographs of bubbles 
under vacuum at anyone temperature do not show all bubbles expanding to one 
size range. A large bubble size range (0.10 to 4.96 mm) was therefore observed at 
temperatures in the range of 25 to 150°C. As the temperature increased to 150°C, 
volatilization into the bubble cavities is likely to be enhanced, but the bubbles were 
similar and more uniform in size because they detached sooner than at the low 
temperatures. Pinheiro and deCarvalho (1994) had shown significant expansion of 
nitrogen bubbles approaching the surface of sunflower oil. Expansion of bubbles 
due to a reduction in hydrostatic pressure in high temperature steam deodorizers 
was also reported by Rivers (1990). It is known that the use of small sized bubbles 
increases mass transfer rates such that efficiency in removal of contaminants is 
enhanced (Rivers, 1990). It is clear that careful consideration of the parameters 
affecting nitrogen bubble dynamics is required in order to facilitate the effective 
removal of contaminants during sparging of sunflower oil. 
In this work, as the temperature was increased from 25 to 150°C, a reduction of 
Sauter mean bubble diameters from about 3 to 1 mm was observed during sparging 
of sunflower oil with nitrogen gas at a sub-atmospheric pressure of 3 mbar using a 
G-3 sintered disc sparger. A combination of viscosity and inertia effects leading to 
changes in the rates of bubble detachment explain the effects associated with 
temperature during vacuum operation. A uniform population of bubbles smaller 
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than 1 mm was successfully obtained by increasing the temperature between 100-
150°C. Therefore, compared with other steam or nitrogen sparged processes 
reported in the literature (Pinheiro and deCarvalho, 1994; Krishnamaurthy et ai, 
1992; Rivers, 1990), we have succeeded in defining the key operating parameters 
for obtaining the most stable size and shape of bubbles for efficient mass transfer to 
occur. For obvious reasons, the efficiency of mass transfer from these small 
spherical bubbles is more predictable compared to populations of variable bubble 
sizes and shapes. The similarity in bubble sizes and shapes after either 1 or 2 h of 
sparging with nitrogen under vacuum showed that prolonged vacuum operation is 
not likely to bring about significant changes to the oil composition. Therefore 
substantial savings due to reduced usage of nitrogen may be achieved at industrial 
scales by limiting the time of sparging. In scaling-up a nitrogen-bubble based 
purification process for sunflower oil, similar optimization studies using bubble 
dynamics data are recommended. 
Examination of the effect of gas flow rate on bubble diameters was not possible in 
this study because during vacuum operation gas flow rate could not be controlled 
and measured by conventional flow measurement devices such as rotameters. 
The difficulties in gas flow rate measurement under vacuum operation have been 
discussed by Kay (1965). A reduction in pressure gauge reading from 1 atm to 0.8 
atm was observed during vacuum operation. This effect Can be explained by a 
complex balance of molecular events that occur during vacuum pump operation and 
maintenance of vacuum (Pacey, 1965). Since the column was operated at a 
constant pressure of 3 mbar and a constant flow of nitrogen gas was maintained 
via a needle valve, the decrease in pressure of entry gas can be explained by 
volume increase or expansion of nitrogen gas on entry into the vacuum operated 
column. There are two possible explanations for the change in the gas volume in 
the column: the first is outgassing i.e. desorption of gas from the column walls, and 
secondly volatilization. The outgassing rate is not likely to be significant because 
the construction material of the bubble column (pyrex glass) was a smooth surface 
so that walls could not have retained nitrogen gas. In addition, care was taken to 
thoroughly clean the column in order to maintain a contaminant-free surface and 
therefore retention of gas molecules was minimized. It is therefore likely that the 
gas volume increase during vacuum operation occurred due to volatilization or 
adsorption of molecular species onto the bubble surface. 
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Evidence that removal of contaminants from sunflower oil occurred during nitrogen 
bubble sparging under vacuum operation was deduced from the observation that 
the vacuum pump had a reduced performance at the end of high temperature (100-
150°C) operations. The sealant oil in the vacuum pump needed to be changed 
between runs, in order to achieve a pressure of 3 mbar. Contamination of vacuum 
pump sealant oil with volatile components is a well-known, major problem in 
vacuum engineering (Power, 1965). The strong, unpleasant odour that the sealant 
oil possessed during nitrogen bubble sparging was further evidence that 
components from sunflower oil had been removed and subsequently carried into 
the vacuum pump oil. This odour was also noticed at the lower temperatures of 
25 and 50°C, however, it was significantly milder. The retention of odoriferous 
species in the sealant oil suggested that these molecules were soluble in the 
sealant oil. The implementation of sophisticated design of traps for the collection 
and condensation of volatiles is recommended to minimize carry over of odoriferous 
compounds into the vacuum pump. 
Odoriferous components are volatile molecules such as small molecular weight 
aldehydes and ketones and are usually present in concentrations of the order of few 
ppm (Gavin, 1978; Williams, 1961; Jasperson and Jones, 1947). Characterization of 
volatiles is possible by the use of very sensitive methodologies both for collection 
and analysis. Volatile molecules identified in edible oils included pentane, pentanal, 
hexanal, octenal, decadienal (Maza et aI, 1992; Przybylski and Hougen, 1989; 
Dupuy et aI, 1973). Because volatiles are detectable organoleptically, sensory 
evaluation is commonly used for assessing flavour and odour of oils (Cvengros, 
1995; Graciani Constante et aI, 1994, Warner and Frankel, 1985). The organoleptic 
panel tests used in this work showed that there was a significant improvement in the 
odour of the sunflower oil that was sparged with nitrogen at temperatures of 100 
and 150°C. A significant reduction in the amount of peroxides was also achieved by 
nitrogen gas sparging at 150°C. The peroxide value of the sunflower oil sparged 
with nitrogen at 150°C was within the commercially acceptable values. At 
temperatures of about 120°C peroxides decompose to smaller molecular weight 
volatile and non-volatile molecules such as aldehydes and ketones (Stavrides, 
1997). It is most likely that some of these smaller molecules were removed by 
volatilization into the bubbles. Therefore nitrogen bubble sparging at 150°C can be 
potentially used to remove both volatile odoriferous components and peroxides from 
edible oils. 
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Nitrogen gas sparging did not affect the free fatty acid, phosphatide or carotene 
contents of sunflower oil. The lack of change of colour during nitrogen bubble 
sparging was also reported in oils sparged with nitrogen at high temperatures 
(Graciani Constante et ai, 1994). Colour components such as carotenes are broken 
down at high temperatures during steam deodorization (Maza et ai, 1992; Sonntag, 
1979a). Further reduction in colour can be effected by hydrogenation (Stavrides, 
1997). Free fatty acids and phosphatides may have been adsorbed onto bubble 
interfaces. However, an absence of notable changes in the composition of 
sunflower oil with respect to these constituents after sparging at temperatures of up 
to 150°C suggests that they were neither adsorbed nor volatilized. Similar 
temperatures to those used during steam deodorization (in excess of 170°C) will be 
necessary for their removal (Young, 1980; Zehnder, 1976; Gavin and Berger, 
1978) 
This work has shown that at defined operating conditions, some volatile and 
odoriferous components may be removed from sunflower oil by using nitrogen 
bubble sparging at temperatures below 150°C. In addition, valuable information 
was provided on the dynamics of nitrogen bubbles and the foaming characteristics 
in shallow pools of semi-processed sunflower oil at atmospheric and sub-
atmospheric pressures. This information can be used to better understand 
processes that are based on the use of bubbles to remove contaminants from 
edible oils at high or low temperatures. 
204 
CHAPTER 5 
CONCLUSIONS 
CHAPTERS 
CONCLUSIONS 
Adsorption and volatilization are the two main phenomena that need to be 
considered in order to design an efficient mass transfer process for the removal of 
contaminants from sunflower oil. The most common and effective method of 
establishing whether adsorption or volatilization has taken place is to determine 
changes in the shape and size of bubbles during process operation. When both 
adsorption and volatilization take place their individual contributions to changes in 
bubble shape and size are not easy to evaluate. Other parameters such as gas 
hold-up and bubble rise velocities may also be used to characterise/optimise 
bubble-based processes, these parameters are difficult to measure and are usually 
sensitive to the mixing properties of the system, wall effects and the presence of 
foams. Therefore, detailed studies of bubble shape and size can give substantial 
information about the preliminary design criteria for bubble-based industrial 
processes. In practice, the actual implementation of a bubble-based process will 
also require extensive small and large scale optimisation studies. 
The properties of nitrogen bubbles in sunflower oil have not been characterised 
previously, even though there are numerous authors (Ruiz-Mendez et ai, 1996; 
Cvengros, 1995; Graciani Constante et ai, 1994; Cheng et ai, 1994; 
Krishnamaurthy et ai, 1992) who have suggested the importance of using nitrogen 
bubbles as an alternative to steam for the stripping of contaminants from sunflower 
oil. Prior to this study it had not been established whether adsorption of 
contaminants from edible oils was significant at the nitrogen bubble interface. It is 
not known whether the rates of diffusion and volatilization of low molecular weight 
components into nitrogen bubble are comparable to those of steam bubbles. 
Furthermore, it has yet to be established whether adsorbed layers at the interface of 
nitrogen bubbles result in delayed or reduced diffusion of volatiles into the bubble 
cavity. 
The work in this study has clearly shown that in sunflower oil the characteristics of 
nitrogen bubbles are in many respects similar to those of air bubbles in aqueous 
systems (Figure 5.1). So, for example, in both oil and aqueous systems a bubble 
less than 1 mm in size will tend to assume a spherical shape, whilst the ellipsoidal 
shape is predominant for larger bubbles. In both systems bubble shape and size 
depend on a number of parameters such as type of sparger, gas flow rate, bulk fluid 
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properties, etc. As in aqueous systems, it is now also obvious that in oils the 
highest mass transfer rates can only be achieved with the smallest size of bubble 
(i.e. spherical), and with the cleanest interface. At anyone gas flow rate the larger 
porosity sparger (with the larger surface area/pore) will cause a reduction in the 
momentum of the gas due to the lower gas velocity through the sparger. Therefore 
with the larger porosity sparger there will be reduced expansion of nitrogen bubbles 
at the formation stage. However, since both spargers gave small bubbles, either 
porosity i.e. 5-15 or 20-30 I-lm can be used to obtain small bubbles. At small scales 
of processing, the glass sintered disc sparger is adequate for nitrogen bubble 
stripping in shallow oil pools. However, at industrial scales of operation, the use of 
stainless steel sinters is recommended because of their robustness. It is imperative 
that the sintered disc sparger always has a constant supply of gas flowing through it 
at all times, even when the system is idle or being cleaned. Following this procedure 
will ensure minimum fouling problems and good sparger performance. This simple 
protocol is usually neglected in industrial scale sparged systems, and the risk of 
process failure due to sparger fouling should not be under-estimated. 
Figure 5.1 Characteristics of nitrogen bubbles from small porosity sintered disc spargers 
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In steam deodorization the efficiency of stripping is defined as the extent of removal 
of free fatty acids via volatilization. If the efficiency of stripping via steam 
deodorization is given an arbitrary value of 100%, then in comparison, we can 
estimate that in this work the relative efficiency of stripping of contaminants from 
sunflower oil by volatilization was in the region of 5% when using nitrogen bubbles 
at temperatures in the range of 18 to 150°C. At temperatures close to 170°C, we 
can expect the efficiency of nitrogen bubble stripping to rise dramatically to 50-60%. 
At 180°C the efficiency of nitrogen bubble stripping via volatilization can be 
206 
predicted to be 100% because this is the minimum temperature at which free fatty 
acids are volatilized. 
The above definition of stripping efficiency does not take into consideration the 
presence of a resistance to mass transfer, created on the bubble interface by 
adsorption of surface active molecules. The extent to which the interfacial 
resistance delays diffusion and volatilization will depend on factors such as the 
operating temperature, the type of adsorbed molecules, their inter- and intra-
molecular bonds and their alignment at the interface. Therefore, an alternative 
definition for efficiency is proposed which takes into account the interfacial 
resistance and concentration difference across the bubble interface. 
% Efficiency = K. A. (Cl -C*)x1 00 
where efficiency is defined as the rate of transfer of free fatty acids across the 
interface, K is the sum-total of the gas and liquid interfacial coefficients (i.e. the 
inverse of the resistance), A is the bubble interfacial area per unit volume, Cl is the 
liquid phase concentration of free fatty acids and C· is the interfacial concentration 
of free fatty acids. 
In semi-processed sunflower oil the highest interfacial resistance on a nitrogen 
bubble is likely to be at temperatures below 40°C because of significant adsorption 
of insoluble waxes. When the temperature is increased to 150°C or above we 
expect the interfacial film properties to change significantly. The film is likely to offer 
less resistance because the molecules at the interface will have increased kinetic 
energy and hence the inter- and intra-molecular bonding will be weaker. So, one 
would expect, as in steam deodorization, to get increased efficiency of free fatty 
acid removal with an increase in temperature. It is possible to make savings by not 
increasing the temperature to the extent required by steam deodorization by using 
very small nitrogen bubbles so that the efficiency of mass transfer is increased due 
to the provision of a high interfacial area per unit volume. The use of shallow oil 
pools will ensure that high oil-bubble contact is maintained. The height to diameter 
ratio of 1.0 for the shallow oil pools used in this study is an acceptable design 
specification for use at industrial scales of operation. 
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Therefore the method for scaling up a nitrogen bubble based refining process for 
sunflower oil will require the generation of efficiency versus interfacial resistance 
(11K) and interfacial area per unit volume plots, of the type shown below. 
11K 
a b 
o % Efficiency 
c 
100 
A 
a, b, c are the optimum 
efficiencies obtained at 
temperatures X, Y, Z 
The plots described above will enable optimum efficiency to be calculated for a 
process plant operated at defined temperatures, using small «1 mm) nitrogen 
bubbles. An industrial scale process plant for continuous refining of sunflower oil 
using nitrogen bubble sparging in shallow pools is described in detail in Figure 5.2. 
When operated at temperatures of 150-180DC the efficiency of this plant can be 
expected to be comparable to that of steam deodorization. The quantity of nitrogen 
gas sparged into the oil will depend on both heat and mass transfer properties of 
the system. Substantial gas savings can be achieved by recycling of nitrogen. The 
efficiency of stripping will need to be carefully assessed by sampling and analyses 
of the oil from each tray. It will be necessary to analyze the oil both before and after 
nitrogen bubble stripping. The process can only be optimized at the industrial scale 
once the oil has been carefully analyzed and additional analyses, other than that 
currently specified may need to be implemented. For example, a combination of 
chromatography and mass spectroscopy or nuclear magnetic resonance may be 
used to identify the unknown molecules during the stripping process. 
An alternative two-stage process for sunflower oil stripping requires further 
investigation. In the first stage of the process, separation is achieved by creating a 
continuous foam at low temperatures. Sparging of nitrogen gas at atmospheric 
pressure and at temperatures below 25DC will be used to remove surface active 
species via foam fractionation. It will be necessary to implement a foam collector so 
that (i) the foam could be collected and collapsed for analysis and (ii) adsorbed 
species are prevented from returning back into the oil during bubble disruption at 
the surface. In the next stage, the oil will be fed to a similar contactor to that 
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Figure 5.2 Conceptual industrial scale process for the refining of semi-processed 
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REFINED 
A continuous nitrogen sparged sunflower oil refining process designed on similar principles to 
industrial scale steam deodorization. Each 'tray! represents a shallow bubbling pool of sunflower oil 
(H/D=1.0), the residence time in each pool will depend on the temperature and volatilization 
efficiencies. Each bubbling pool is sparged via a stainless steel sintered sparger producing spherical, 
micron sized bubbles. The oil Is first heated with steam in the top tray to 100°C and subsequently 
flows through each consecutive tray where the oil is heated to temperatures between 150 to 180°C. 
The refined oil is cooled continuously with a stream of nitrogen bubbles. The exit nitrogen gas from 
this tray is therefore preheated and this heated gas is mixed in with the mains supply. Volatilization 
and mass transfer are enhanced by operating the contactor under vacuum at 3 mbar pressures or 
less. 
209 
described in Figure 5.2. Using highly sensitive and accurate analytical 
methodologies, characterization of the components removed by foam fractionation 
(during the first stage) and by volatilization (during the second stage) will be 
possible. Both chromatography and mass spectroscopy or nuclear magnetic 
resonance will provide the necessary information for identification of unknown 
molecules and for calculating the efficiency of the two-stage stripping process. 
Should this process prove feasible, then it may also be possible to use a flash of 
steam in the last tray of the vacuum operated contactor in order to ensure total 
volatilization of free fatty acids. 
The results of oil analyses will be the critical indicators of efficiency and scale-up 
potential. Furthermore for both of the proposed processes, the process economics 
will need to be fully evaluated in comparison with current steam deodorization 
technology. Only if significant advantages with respect to oil quality and economics 
are shown can the processes proposed in this work be considered for refining of 
semi-processed sunflower oil. 
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APPENDIX 
T bl 1 C rb r d t ~'t fI a e al ralon a a or m rogen gas owmeters 
150 mm Flowmeter 65 mm Flowmeter 
(stainless steel float) (stainless steel float) 
Scale reading Nitrogen flow 
(cm3/min) 
Scale reading Nitrogen flow 
(cm3/min) 
150 271.20 65 17.55 
140 243.80 60 16.00 
130 218.60 55 14:30 
120 194.90 50 12.70 
110 170.60 45 11.12 
100 155.00 40 9.70 
90 135.30 35 8.20 
80 118.80 30 6.88 
70 103.60 25 5.52 
60 91.50 20 4.35 
50 75.50 15 3.30 
40 62.30 10 2.34 
30 51.00 5 1.64 
20 41.70 
10 33.90 
Table 2 Properties of vacuum pump sealant oil (Bartran 32) and silicone heating oil 
(Rhodorsil47V 350) 
Oil type: Bartran 32 OiltvDe: Rhodorsil 47V 350 
Property Value Property Value 
Appearance Clear yellow liquid Appearance Clear colourless 
liquid 
Density (15°C) (Ka/m;') 876 Density (25°C) Kg/m;') 970 
Ignition Point (COC) tC) 216 Flash point (oC) 300 
Kinematic viscosity(mm"'/s) Kinematic 
40°C viscosity(mm2/s) 
100°C 32 25°C 350 
5.4 
Viscosity Index 100 Viscosityl 0.62 
temperature coefficient 
Flow Point ("C) -30 Freezing point tC) - 50 
Tension! Surface Tension 
Foam stability (ml) (24°C) (mN/m) 21 
Stage I: 24°C 5/0 
Stage II: 93°C 1510 
StajJe III: after 24 h at 93°C 5/0 
Air release (0.2% max at 1.8 Expansion Coefficient 9.45xH)-4 
50°C) (min) between 25 and 100°C 
De-emulsification (min) 5 Volume Resistivity at 1x1015 
25°C (n.em) 
Corrosion and rust Pass Refractive Index at 25°C 1.403 
protection 
Copper corrosion (3 h at 1b Vapour Pressure at 1.33x10·2 
100°C) 200°C (mbar) 
Neutralization value 0.22 Heat Conductivity 0.16 
(mgKOH/g) (W/m.K) 
Sealant compatibility 13 Dielectric Strength at 18 
(2 h at 1000G) 25°C (kV/mm) 
FZG Gear Test: 12 Dielectric Constant at 2.8 
AJ8.3/90°C (failure stage) 25°C (between 6.5 and 
100 kHz) 
DiSSipation Factor at 1x10-4 
25°C and 100 kHz 
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REGULATIONS OF THE HELLENIC FOOD DIRECTORY FOR EDIBLE FATS AND OILS, 
SUPPLEMENTARY No 2- DECEMBER 1991, pp. 269-280 (source: General Chemistry 
State Laboratory of Greece, 1995) 
CHAPTER VIII-
EDIBLE FATS AND OILS 
Article 70: Characterization and general terms referring to processing and marketing 
73: Seed oils 
Article 70: 
Characterization and general terms referring to processing and marketing 
1. The broad meaning of the classification "Edible Fats and Oils" involves all marketed and 
suitable to be used for the nutrition of humans glycerides of various fatty acids, of plant or 
animal origin, that may contain small amounts of other fatty materials, such as phosphatides, 
unsaponifiable constituents and naturally occurring free fatty acids. 
The term "Oils" refers to products of oily form at the temperature of 20°C, whereas the term 
"Fats" to products of homogeneously solid or creamy nature at the temperature of 20°C. 
2. Raw materials and processing permitted for the production of edible fats, should comply 
with the regulations as these are stated in Chapter I "General Regulations" of the present 
Directory. 
Such processes are: 
(a) Alkali neutralization 
(b) Decolourization with special adsorptive clays or natural active carbon 
(c) Deodorization with superheated steam 
(d) Filtration 
(e) Freezing for De-margarination 
(f) Hydrogenation 
(g) Solvent extraction solely with solvents allowed by article 36 of the present Directory, 
provided that the user complies with the restrictions and methods stated in the same 
article (4) 
3. From the processes described in the previous paragraph, filtration and freezing for de-
margarination are considered as regular processes, allowed for all edible fats; however 
hydrogenation is considered as the characteristic treatment for oil hardening. The rest of the 
above processes are exclusively allowed for the production of refined or pure kinds of edible 
fats and oils, in accordance to the regulations included in this chapter. 
4. The solvents mentioned in paragraph 2 for use in the extraction of oils should be pure, 
meaning that they should be free from any additives and mainly toxic materials, such as 
tetra-ethyl lead, etc. The use of other solvents for the production of edible fats and oils is 
forbidden, with the exception of those mentioned in the present article, without the permission 
of the Supreme Chemistry Council. 
5.Generally, the production of edible fats and oils or their substitutes with means not 
included in this article (for example direct or indirect esterification) is strictly forbidden. 
6. All edible fats and oils should comply with the following: 
(a)They should not possess odour or taste of deterioration, or rotting. and should not 
possess organoleptic properties that may indicate the use of unsuitable raw materials for 
their production, or of incomplete processing and storage. 
(b)They should practically be free from soap, Le. 0.01% maximum soap content is allowed, 
and they should not generally contain foreign materials (1) 
(c)They should not contain more than traces of heavy poisonous metals or their residues, of 
hydrogenation catalysts or of the solvents used for their extraction. 
(d)They should not contain preservatives of any kind. 
(e)They should be characterized as non-edible or as dangerous for the public health those 
containing toxic materials (insecticides, etc.) if the concentration of such substances exceeds 
one part per million(1 PPM or 0.001 %). 
7. In addition to the above, edible vegetable oils, should also comply with the following:! 
(a) They should be marketed as such, meaning that their mixing with oils originating from 
other seeds or seed-bearing sperms or oils of animal origin? 
1 Translation from the original Greek document by A. Tsiadi 
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(b)They should be transparent (clear at the temperature of 20°C), and they should possess 
the natural odour and taste that is characteristic of the species, with the exception of the 
refined oils with reference to their odour and taste (1) 
(c) Coloration of vegetable oils by any coloring or other substance that may be used for this 
purpose is not allowed. 
(d) Excluded are from the above mentioned part (b) the non de-margarinated cotton-seed 
oils, providing that in their packing it will be stated that they are not de-margarinated; their 
cloudiness should however, solely originate from the margarines (1) 
8. In addition to those stated in paragraph 6, edible fats should comply with the following: ...... 
(this is not relevant to this project). 
Article 73 
Seed-oils 
1. The term "Seed-oils" is given to those oils that are derived by pressing or extraction of oil-
bearing fruits or seeds with the use of solvents, and which may be marketed after their 
complete treatment with the use of the processes permitted by article 70 . Sesame oil is 
excluded. 
2. Seed-oils will be marketed with names that specifically denote the name of the fruit or seed 
they originate from, e.g. Cottonseed oil, Soya oil, Corn oil, etc., and they should comply with 
the following regulations: 
(a)The Acidity of processed seed-oils, with the exception of soya oil, expressed as oleic acid, 
should not exceed 0.30%. 
(b) Moisture and volatile material at 105°C (except soya oil) should not exceed 0.05%. 
(c) The amount of material insoluble in petroleum ether, based on anhydrous oil, should not 
exceed 0.05%. 
(d) All seed-oils marketed should give a clearly positive seed-oil tracing reaction, by the 
method of BELLIER. 
Excluded is corn oil, where this reaction is a secondary means for evaluation only. 
(e) Soap content should not exceed 0.015%. 
7." Sunflower oil " is the oil that is derived from the seeds of the plant Sunflower 
(HELLIANTHUM ANNUUM). The marketed sunflower oil should have the following 
characteristics: 
(a) Its colour should not be higher than the equivalent to the combination of 25 yellow units 
and 2 red units in accordance to the LOVIBOND method in a 51/4 inch cell. 
(b)Nitric acid reaction (Synodinos-Konstas method) should give brown-red colour. 
(c) Refractive (butter) number at 40°C should range from 61.3 to 64.4 (6) 
(d) Iodine number(WIJS), min. 120, max. 134. 
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Figure 1 Semi-processed sunflower oi l at 50 and 25°C 
Figure 2 Viscosity chart 
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Figure 3 Sunflower oil sparged with nitrogen gas at 3 mbar in the VOC 
215 
Figure 5 Vacuum operated column (VOC) Figure 6 Volatiles trap 
Figure 7 Connections in vacuum operated system 
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Exam!: Ie of manual calculations for two-wav analvsis of variances (AN OVA) 
Columns (C) Sum of rows, LR 
A B C 
1 nA1 nB1 nC1 LR1 
2 nA2 nB2 nC2 LR2 
3 nA3 nB3 nC3 LR:l 
4 nA4 nB4 nC4 LR4 
n=4 LnAi LnBi Ln~i LR 
Note: nAi' nBi, nCi denote the actual values of the expenmental data 
Calculation 1: Sum of data in each row 
Example: ~R1 - nA1 + nB1 + nC1 
Calculation 2: Sum of data in each column 
Example: ~nAj = nA1+nA2 +nA3 + nA4 
Calculation 3: Sum of data in all rows 
~Rj = ~R1 + ~R2 + ~R3 + ~R4 
Calculation 4: Correction factor. CF 
CF= ('LRY 
nR·nC 
where n~ and nc represent the numbers of samples for rows and columns, respectively i.e. 4 
rows ana 3 columns in this example 
Calculation 5: Sum of squares for columns (SSe! 
('Ln Y + ('LnS/ Y + ('Ln cs Y SSe = AI -CF 
nc 
Calculation 6: Sum of squares for rows (SSal 
SSR= Cf,R,Y + ('LR2 Y + ('LR3 ) + ('LR.Y -CF 
nR 
Calculation 7: Total sum of sums of squares (SS) 
SS = ~ (nt - CF 
where nj denotes each data pOint i.e. nA1, nA2, etc. 
Calculation 8: Sum of squares for error (SSsl 
SSE = SS - SSR-SSe 
Calculation 9: Dearees of freedom for rows. columns. error. total (df) 
Rows (dfR) or columns (dfc): df = number of samples-1 
Total: df = ncxnR-1 
For error: dfE = df- dfR - dfe 
Calculation 10: Mean square for rows (MSp), columns (MSd and error (MSd 
SS 
MS=-
df 
where SS and df represent the respective sum of squares and df in each case 
Calculation 11: F-test for rows and for columns 
MS 
F=--
MS. 
where MS represents the respective values for rows or for columns 
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